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Abstract 
In this thesis, the optical properties of tris (8-hydroxyquinoline) aluminum (Alq3) and 
3,5,9,10-perylentetracarboxylic dianhydride (PTCDA) organic films, PTCDA/ Alq3 
multilayers and plasmonic Alq3-metal waveguides are investigated. The organic films and 
heterostructures used for this work were fabricated by organic molecular beam deposition 
(OMBD).  
We investigated the quenching of the light emission in Alq3 films grown on a Si 
substrate as a function of cw laser excitation intensity at varying temperatures from 15 to 300 
K. The saturation of the singlet-singlet annihilation coefficient was measured with spectrally-
integrated (SI) photoluminescence (PL) using a photodiode. The bimolecular quenching 
coefficient was further studied with time-resolved (TR) PL as a function of 100 fs pulse 
fluences. The PL quenching is attributed to the annihilation of trapped excitons at Alq3 
nanocrystal grain boundaries. The saturation is explained by the limited density of available 
trapping states at the grain boundaries. Our interpretation is supported by structural 
investigations of ultrathin Alq3 films with atomic force microscopy (AFM), scanning electron 
microscopy (SEM) and by comparing the experimental data with calculations using a coupled 
rate equation model. 
The wavelength dispersion of the refractive indices of PTCDA and Alq3 layers and of 
PTCDA/Alq3 multilayer waveguides grown on Pyrex substrates was investigated. The m-line 
technique, an evanescent prism coupling technique, was used to determine the layers’ 
thickness and the in-plane (TE modes) and normal (TM modes) refractive indices. The 
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potential for controlling the refractive index dispersion and anisotropy by tailored organic 
multilayer waveguides is discussed. 
 In addition, the mode properties of planar dielectric Alq3 multilayer 
waveguides comprising one single or three embedded nanometer-thin Alq3-Mg0.9:Ag0.1 
composite metal-island layers were investigated. The TE and TM modes were selectively 
excited at the wavelength of 633 nm using the m-line method. Selective excitation of 
plasmonic TM modes and or dielectric TM modes as well as the possibility of suppressing 
guided TE modes using strategically placed metal layers is presented. The prospect to design 
mode selective waveguides and TM-TE mode couplers is discussed. 
Finally, the two-photon absorption and nonlinear refraction in PTCDA and in Alq3 
films were investigated using z-scans with tightly focused (with a 10x or a 20x microscope 
objective lens) 100 fs laser pulses at reduced repetition rates at the wavelength of 820 nm. To 
study the influence of sample heating, the pulse repetition time was varied between 0.75 and 
20 µs with an acousto-optic pulse selector. The thermal effect was diminished for pulse 
repetition times longer than 5 and 0.75 µs in PTCDA film using a 10x or 20x microscope 
lens, respectively, resulting in a TPA coefficient of 6 cm/GW and a nonlinear refractive index 
of 1.2× 10-13 cm2/W. In the Alq3 film, even at shorter repetition times (1.25 - 5.0 µs) no 
noticeable heat accumulation with the 10x lens has been observed. TPA coefficient of 0.11 
cm/GW and nonlinear refractive index of 2.1×10-14 cm2/W were determined in the Alq3 film.  
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Chapter 1 Introduction 
Organic materials can be fabricated as high quality heterostructures without lattice matching1,2, 
which is a crucial factor for high performance devices. In addition, organic materials can be 
deposited on a variety of substrates including low-cost and flexible substrates and also on any 
other organic 3,4, inorganic or on metal layers 5,6. Many organic semiconductors have shown 
reasonable charge carrier transport properties as well as high luminescence efficiency. Hence, in 
the past decade, there has been a significant interest to use organic semiconductors for organic 
light emitting diodes (OLEDs) 7–9, as white OLEDs (WOLEDs) 10–12, in photovoltaics 13,14, as 
photodetectors15 and recently also for organic spin valve systems 16–18. Such OLEDs are now 
commercially available in light-weight colour flat panel displays 19,20 in TV screens, mobile 
phones, laptops as well as in several other modern electronic devices. OLEDs provide brighter 
displays while consuming low power compared to light emitting diodes (LEDs) and liquid 
crystal displays (LCDs), which are currently in use.  
The metal chelate tris (8-hydroxy) quinoline aluminum (aluminum quinoline, Alq3) is a 
commonly used electron transport and photon emitting layer in OLEDs. Various types of device 
structures and carrier transport films were introduced 21–24 in need of enhancing the light out-
coupling of organic light emitting diodes. Recently, Alq3/ZnO hybrid composite films were used 
in Alq3 based OLEDs in order to enhance the environmental stability and emission yield of 
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OLEDs 25. Despite the vast investigations on Alq3 based electronic devices the influence of 
ordered molecular aggregations 26,27 or nano-crystalline structures in quasi-amorphous Alq3 films 
and their influence on the light emission is not yet fully understood. The quenching behaviour as 
a function of excitation intensity as well as of temperature was investigated using spectrally 
integrated and time integrated (TI) photoluminescence (PL) with a photodiode. The saturation of 
the bimolecular quenching coefficient was separately investigated using time-resolved (TR) PL 
as a function of excitation pulse fluence. The observed quenching behaviour is explained using a 
coupled rate equation model for steady state excitation. In this thesis we also structurally 
examined the morphology of ultra-thin (nominally 5-15 nm thick) Alq3 films with atomic force 
microscopy (AFM) and scanning electron microscopy (SEM) and revealed the existence of 
ordered (nanocrystalline) areas on a several 10 nm length scale which further support our 
interpretation  
The dielectric properties of organic multilayers made from different materials can be 
designed because the multilayer structure acts as an effective medium. An effective medium 
multilayer waveguide acts like a homogeneous and anisotropic dielectric slab which offers new 
opportunities to tailor waveguides and heterostructures with certain optical anisotropy and 
nonlinearity28,29. Aluminum quinoline has isotropic optical properties. 3,4,9,10-
perylentetracarboxyl–dianhydride also known as PTCDA has strong anisotropic optical and 
electrical properties 3,4. The combination of PTCDA and Alq3 in multi-layered films can 
potentially be used to tune the birefringence and the refractive index dispersion of waveguide 
structures. 
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Increasing the integration density of optical elements in future photonic integrated 
circuits is problematic since the diffraction of light limits further miniaturization. Hybrid 
organic/metal nanostructures enable light compression through nanometer thick metal films by 
plasmon oscillations of a free-electron. Long-range guiding of surface plasmon-polaritons (SPPs) 
below the diffraction limit 30–32 with bending of light 33 or beam splitting using T or Y shaped 
junctions 34,35 are potential applications of the hybrid organic/metal plasmonic structures. In 
metal-air or metal-dielectric bilayers 31,36, dielectric-metal-dielectric (DMD) waveguides 30,37–39, 
metal-dielectric-metal (MDM) structures 40–44 as well as in dual slab waveguide structures 32,45, 
the guiding of modes and their properties have been investigated mainly theoretically. In this 
thesis the properties of guided modes (transverse magnetic (TM) and electric (TE) modes) in 
planar dielectric Alq3 waveguides with single or three embedded few nanometer thin metallic 
films are both experimentally and theoretically investigated. Plasmonic Alq3 multilayer 
waveguides were fabricated by organic molecular beam deposition (OMBD) and an alloy of 
Mg:Ag was used as the embedded metal layers. 
Many of the organic materials possess high nonlinearities 46–49 and are promising 
materials for nonlinear optical applications including optical power limiting 49–52 and two-photon 
3D data storage 53,54. In particular, various perylene derivatives have shown high two photon 
absorption (TPA) cross sections 48,49. Organic materials have an enormous potential to enhance 
the nonlinear response of photonic structures 55,56 owing to their large nonlinearities and the 
ability to use in composite and hybrid nanostructures. The z-scan technique, which is a very 
sensitive optical method that allows measuring both the TPA coefficient and the nonlinear 
refractive index 57,58 is commonly used to study the nonlinear optical properties of 
semiconductors 59,60, nanoparticles 61,62, hybrid structures 55,63,64 and organic materials 46–49,65. 
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Generally, the nonlinear signal is often modified by accumulated thermal effects 64,66–69 due to 
the high pulse repetition rate. In order to manage accumulated heating 66–68,70, different 
approaches have been reported which are not suitable for soft materials and materials with fast 
thermal build-up time 66–70. In my thesis, a “tightly focus modified z-scan technique” is proposed 
which can be used with low fluence 100 fs laser pulses at reduced repetition rates to eliminate 
heat accumulation in thin solid films. Here, an acousto-optic modulator (AOM) was used as the 
pulse selector to reduce the repetition rate and the pulses are tightly focused to accelerate the 
thermal diffusion from the focus area to the unexcited film area. Using this modified z-scan 
technique the two photon absorption (TPA) coefficient, nonlinear refractive index and third order 
susceptibility of PTCDA and of Alq3 thin films were determined at the excitation wavelength 
820 nm with high repetition, femtosecond laser pulses.  
1.1 Outline of the thesis 
In my thesis, Chapter 2 contains few important details of Alq3 and PTCDA molecules, the 
OMBD technique and the deposition of organic and metal layers. In addition, the morphological 
characterization of OMBD grown thin films is illustrated.  
In Chapter 3, quenching of the light emission in an aluminum quinoline (Alq3) film as a 
function of excitation intensity at temperatures ranging from 15 to 300 K is investigated by time-
resolved (TR) photoluminescence (PL) with a 100 fs pulse excitation and by spectrally and time 
integrated PL using a photodiode as a detector with cw laser excitation. The results are explained 
by efficient bimolecular quenching of excitons which are trapped at energy minima at the grain 
 5 
 
boundaries in the polycrystalline Alq3 film. Our interpretation is supported by calculations using 
a coupled rate equation model. 
In the Chapter 4 of my thesis, the wavelength dispersion of the refractive indices of 
PTCDA and Alq3 layers as well as of PTCDA/Alq3 organic multilayer waveguides is 
investigated. The waveguides were grown on Pyrex® substrates by OMBD. The m-line 
technique 71–73, a well-known evanescent prism coupling technique (described in Section 4.2), 
was used to determine the effective refractive indices of all observable modes in these 
waveguides. The m-line method allows determining the bulk in-plane (TE modes) and normal 
(TM modes) refractive index values of the waveguide material and the thickness of the 
waveguide. 
The investigation of the mode properties of planar dielectric aluminum-quinoline (Alq3) 
multilayer waveguides consist of one single or three equally spaced embedded nanometer-thin 
Alq3-Mg0.9:Ag0.1 composite metal-island layers are presented in the Chapter 5. The m-line 
technique was used to selectively excited Transverse magnetic (TM) and transverse electric (TE) 
guided modes and to study the properties of guided modes. Experimentally observed guided 
modes were compared and explained by a multilayer model calculation and by simulated filed 
distributions in the plasmonic dielectric waveguide. 
In the Chapter 6, accumulated thermal effect in the focus area and the influence of 
thermal effect on two photon absorption process was investigated systematically using the open 
aperture z-scan technique with high repetition rate femtosecond laser pulses on thin PTCDA and 
on Alq3 films. A “modified tightly focused z-scan technique” is introduced which can be used to 
diminish the accumulated thermal effect at the focus area. The z-scan measured third order 
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nonlinear optical constants of PTCDA and of Alq3 thin films at the excitation wavelength 820 
nm with high repetition, ultrafast laser pulses are presented.  
Finally, Chapter 7 summarizes the results and achievements of this thesis. 
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Chapter 2 Organic materials, fabrication of thin 
films and morphological study of thin films  
2.1 Introduction 
Conjugated organic molecules are interesting materials due to their optical, electrical, structural 
and chemical properties. These S-conjugated small molecular organic materials have relatively 
weak van der Waals interactions between adjacent molecules. Due to the weak intermolecular 
aan der Waals interaction, these organic materials are more flexible and can be deposited on any 
substrates even on flexible substrates without lattice matching. Perylene derivatives and metal 
chelates are two groups of organic molecules which are rigorously investigated due to their broad 
range of potential applications. Many reported perylene derivatives show high optical 
nonlinearity and strong birefringence. Aluminum quinoline (Alq3) is a renowned material in 
modern organic devices as OLEDs. Hence, tris (8-hydroxyquinoline) aluminum (Alq3) and 
3,4,9,10-perylentetracarboxylic dianhydride (PTCDA) are of great interest to investigate. In this 
thesis a range of linear and nonlinear optical properties of tris (8-hydroxyquinoline) aluminum 
(Alq3) and of 3,4,9,10-perylentetracarboxylic dianhydride (PTCDA) is presented.  
The Organic Molecular Beam Deposition (OMBD), which is very similar to the 
Molecular Beam Epitaxy (MBE), is an ideal technique to fabricate organic molecular thin films, 
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organic heterostructures and organic optoelectronic devices for fundamental research purposes. 
High purity and high quality organic heterostructures can be fabricated at a base pressures 
ranging from 10-8- 10-11 mbar. OMBD has the advantage of depositing nanometer controlled 
layer thicknesses. This is important in fabricating organic multilayered nanostructures. In 
addition, it offers the possibility to deposit organic layers on any surface such as organic, 
inorganic or metals without breaking the high vacuum.  
With the improvement of fabrication techniques, nanostructured materials have drawn 
significant attention in wave propagating74,75. Metal-island films are good candidates for 
fabricating nano-structured materials since they have shown novel optical properties76–78. The 
random-island metal films expands its potential in surface enhanced optical effects which can be 
utilized in molecule or particle detection for biological sensor application 77,79,80. The geometrical 
orientation of metal-island films can be varied or rearranged with thermal annealing and 
modifications of deposition conditions81–83 to optimize its functionality. Randomly oriented 
metal-island films can be easily obtained at the early stage of OMBD process of few nanometer 
thick films. An alloy of 90% Mg and 10% Ag (Mg0.9:Ag0.1) was used for the metal layers in this 
study. 
OMBD was used in fabricating organic molecular thin films, organic multilayers and 
hybrid organic-metal hybrid structures in this thesis. In this chapter, few important details of 
Alq3 and PTCDA molecules are presented in Section 2.2. The OMBD technique and the 
fabrication of organic and metal layers are introduced in Section 2.3. In addition, the 
morphological characterization of OMBD grown thin films is presented in Section 2.4.  
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2.2 Organic molecules 
2.2.1 Tris (8-hydroxy) quinoline aluminum (Alq3) 
Tris (8-hydroxy quinoline) aluminum which is known as aluminum quinoline (Alq3) is a 
commonly used electron transport and photon emitting layer in organic light emitting diodes 
(OLEDs) 11,84–87. Alq3 based OLED structures are now commercially available in light-weight 
colour flat screen displays of mobile phones, TV screens and laptops. Therefore Alq3 is one of 
the rigorously investigated organic materials in the development of OLEDs. Recently, Alq3 has 
attracted attention in the development of white organic solid state light sources (WOLEDs) 10–12. 
Alq3 has a chemical formula 88–91 of (C9H6NO)3-Al, which compose of three hydroxyquinoline 
ligands. Bulk Alq389, shown in Figure 2.1, crystallizes in different polymorphic phases 
(DEJGand Hwhich can occur in meridional (mer) and facial (fac) stereoisomers 89,90,92–94. 
Alq3 forms quasi-amorphous or polycrystalline island growth 95 with few nanometer sized Alq3 
crystal grains with nearly isotropic optical properties. Polymorphous structure of the Alq3 films 
 
Figure 2.1: Chemical structure 89 of Alq3  
 
 10 
 
and the evidence for the existence of nanocrystals will be presented in Section 2.4.1. The 
influence of nano-crystalline structure in quasi-amorphous Alq3 film on the light emission will 
be discussed in Chapter 3. 
2.2.2 3,4,9,10 perylene tetracarboxylic anhydride 
3,4,9,10 perylene tetracarboxylic dianhydride which is also known as PTCDA is one of the most 
intensively studied organic material in the aspects of structural, optical and electrical properties. 
PTCDA single molecule has a planer rectangular geometry with a chemical formula of 
(C24O6H8) 96 as shown in Figure 2.2. PTCDA is a thermally stable red dye pigment. PTCDA 
molecules form polycrystalline films in the monoclinic space group P21/c with two different 
modifications (the D- and E-phase 96), both possessing two nearly coplanar molecules within the 
unit cell 28. In both modifications the planar molecules form stacks along the a-direction that is 
slightly tilted with respect to the (102) growth direction 28. The uniform orientation of molecules 
within all stacks results in a layered structure where the molecules are parallel to the (102) lattice 
plane which itself is parallel to the substrate surface. The distance between next neighbour (102) 
planes is shorter (0.332 nm) resulting in a large overlap of molecular S-orbitals 3,4,97. Due to the 
difference in stacking of PTCDA molecules within the molecular plane or along the molecular 
 
Figure 2.2: Chemical structure of PTCDA 96. 
 
 11 
 
stacking direction 96 (which is nearly normal to the molecular plane), PTCDA nanocrystals and 
films show a strong optical anisotropy 98. 
2.3 Fabrication of organic thin films and waveguide 
structures 
2.3.1 Organic molecular beam deposition (OMBD) 
technique  
The OMBD system has a base pressure ranging from 3.0×10-8 to 8.0 ×10-8 mbar. A photograph of 
the OMBD system is shown in    Figure 2.3. The OMBD system mainly consists of a growth 
chamber and a load-lock. The system has two sets of turbo-molecular pumps with oil free 
 
   Figure 2.3: A photograph of the OMBD system 
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mechanical pump to maintain the high vacuum in the growth chamber and in the load-lock. The 
chamber and the load-lock are connected by a gate valve (see Fig. 2.3) which can be opened 
when transferring the sample holder from chamber to the load lock or vice versa using the 
transferring rod without breaking the high vacuum in the growth chamber. The chamber consists 
of five Knudsen cells which are equipped with computer controlled mechanical shutters. Three 
cells are filled with organic materials, PTCDA, Alq3 and TPD. Other two cells are filled with 
metals: Mg-Ag alloy and gold. Each cell is equipped with a heating coil, which is connected to a 
power supply. Also each cell has a thermocouple which has been connected to a controller. 
Normally, the temperature of the cells is maintained at 110 ºC to out gas the materials. The 
substrate holder is attached to a manipulator which is located about 15 cm away from the 
Knudsen cells. Using the manipulator, the substrate holder can be moved in X, Y and Z direction 
and can be rotated around the Z axis as needed. Recently, the manipulator was equipped with a 
stepping motor to rotate the substrate holder during the sample growth at a certain frequency in 
order to deposit layers with uniform thickness. The growth chamber is also equipped with a 
quartz crystal thickness monitor, which can be moved in near the substrate holder to measure the 
growth rate and the film thickness.  
2.3.2 Sample preparation and growth 
Organic and metal thin films and waveguide structures are deposited on an area of ~1x1 cm2 
amorphous Pyrex® substrates of 0.5 mm thickness or on a 0.5 mm thick chemically clean n-type 
(001) oriented Si wafer at room temperature. The substrates were cleaned in an ultrasonic bath 
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with acetone, methanol and ultrapure water and dried with dry nitrogen gas. Then the substrate 
was quickly transferred into the high vacuum OMBD chamber. 
The deposition rate was measured using the quartz crystal thickness monitor which has 
been calibrated by film thickness measurements using profilometer. Typical deposition rates 
from the effusion cells are 0.1 Å/s at a temperature of 330ºC for PTCDA, 0.1 Å/s at a 
temperature of 236 ºC for Alq3. Mg0.9:Ag0.1 was degassed for 5-10 minutes at the evaporation 
temperature (395 ºC) before the layer deposition. After the out gassing the substrate or the 
substrate with organic layer/s was placed in the growth chamber. The deposition rate of 0.5 Å/s 
at a temperature of 395 ºC was used to deposit Mg0.9:Ag0.1 layers.   
2.4 Morphological characterization of OMBD grown thin 
films 
2.4.1 Nano-crystalline structure in quasi-amorphous Alq3 
film 
In order to investigate the layer morphology during the initial growth period, ultrathin Alq3 films 
with nominal thicknesses of 5, 10 and 15 nm were deposited on Si substrates by OMBD. The 
ultrathin films were investigated by atomic force microscopy (AFM) and scanning electron 
microscopy (SEM). A NanoScope Analysis image processing software was used to process the 
AFM images. The resulting AFM images for different layer thicknesses are displayed in Figs. (b) 
to (d). The AFM image of the Si substrate is illustrated in Fig. (a) as a reference. The Si substrate 
shows a slight texture with a minimum to maximum height variation of less than ±1 nm. The 
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Alq3 film starts depositing as an irregularly shaped island structure with form irregularly shaped 
“nanoworm” structures revealing additional new islands on top (see Figs. (c) and (d)).The 
observed structure is consistent with a quasi-amorphous or polycrystalline Alq3 film growth. The 
100 nm 
(a) 
100 nm 
(b) 
100 nm 
(c) 
100 nm 
(d) 
Figure 2.4: Atomic force microscope (AFM) images of (a) a Si substrate for reference and Alq3 
layers with nominal layer thicknesses of (b) 5 nm (c) 10 nm and (d) 15 nm deposited on Si 
substrate. The AFM images show that the Alq3 film is composed of irregularly shaped ~30 to 70 
nm sized nanoparticles. 
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SEM images from the same Alq3 layers are shown in Figure 2.5 (b) to (d) confirming the 
experimental findings obtained from the AFM investigations. Figure 2.5 (a) shows the SEM 
image of the uncoated Si subsrate as a reference for comparison. The SEM images were obtained  
at a low electron energy of 5 keV to avoid electrostatic charge build up at the dielctric Alq3 layer 
surface which causes blurry images with a reduced image resolution. AFM and SEM studies of 
100 nm 
(a) 
100 nm 
(b) 
100 nm 
(c) 
100 nm 
(d) 
Figure 2.5: Scanning electron microscopy (SEM) images of (a) a Si substrate for reference 
and Alq3 layers with nominal layer thicknesses of (b) 5 nm (c) 10 nm and (d) 15 nm which 
were deposited on Si substrate. 
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ultrathin (5 – 15 nm) Alq3 films provide clear evidence for the existence of nanocrystals or 
polycrystalline growth with grain sizes in the order of 50 nm.  
2.4.2 OMBD grown metal islandic films  
The continuousness of our OMBD grown Mg:Ag films was studied by atomic force microscopy 
 
Figure 2.6: Atomic force microscope images of (a) a 50 nm thick Alq3 layer for reference and 
of Mg:Ag layers with nominal layer thicknesses of (b) 5 nm (c) 10 nm and (d) 15 nm which 
were deposited on top of a 50 nm thick Alq3 layer. 
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(AFM) on very thin Mg:Ag layers with nominal thicknesses of 5, 10 and 15 nm which were 
deposited on a 50 nm layer of Alq3. The AFM image of the 50 nm thick Alq3 is shown in Figure 
2.6 (a) as a reference. The surface of the Alq3 film reveals a slight texture with a minimum to 
maximum height variation of -2 to +2 nm. As illustrated in Figure 2.6 (b) – (d) the Mg:Ag film 
deposits as an island structure with island diameters ranging from 40 to 90 nm. The average 
height of the metal-islands in the three deposited films are found to be be 4.8, 9.7 and 13.8 nm 
and comprise a filling factor of 69±4%, 81±2%, 90±3%, respectively. 
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Chapter 3 Intensity and temperature dependent 
bimolecular quenching of light emission in Alq3 films 
3.1 Introduction 
Tris (8-hydroxy) quinoline aluminum (aluminum quinoline, Alq3) is a commonly used electron 
transport and photon emitting layer in organic light emitting diodes (OLEDs) which are now 
commercially available in flat panel displays for TV screens, mobile phones and laptops. Alq3 is 
of interest in the development of white organic solid state light sources (WOLEDs) 10–12. To 
enhance the light out-coupling of organic light emitting diodes different carrier transport film 
and device layouts were proposed 21–24 including the use of nanomesh electrodes and micro-lens 
arrays 99. Recently, to enhance the environmental stability and emission yield of Alq3 containing 
OLEDs 25, the properties of hybrid Alq3/ZnO composite films were investigated. Since the main 
focus is in the investigations on Alq3 based electronic devices and improving its functionality, 
the influence of ordered molecular aggregations 26,27 or nano-crystalline structure in quasi-
amorphous Alq3 film and its influence on the light emission is not fully understood yet. Charge 
carrier hopping within a positional random and disordered system of localized states is an 
appropriate model to describe exciton quenching in doped and undoped non-crystalline organic 
semiconductors 100–102. So far charge carrier hopping was used to describe bimolecular 
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quenching in Alq3 films at room temperature at high excitation levels 103–105 without considering 
the granularity 106 or ordered molecular aggregation in quasi-amorphous Alq3 films. The 
interaction between excitons which are trapped in local minima at the grain boundaries between 
ordered (molecular aggregate or nanocrystalline) several 10 nm sized Alq3 regions was only 
recently proposed and experimentally investigated 95. A more detailed understanding of the 
directed migration of excitons to the energy minima at grain boundaries in and subsequent 
bimolecular quenching at these traps has technological relevance to better control the 
recombination process in Alq3 based OLEDs. 
Bulk Alq3 crystallizes in different polymorphic phases (DEJGand Hwhich can occur 
in meridional and facial stereoisomers 89,90,92–94 showing a distinct vibronic progression in their 
emission spectra. No vibronic progression is observed in the photoluminescence (PL) spectrum 
of thin quasi-amorphously grown Alq3 films 89,90,92,95. This is explained by the polymorphous 
structure of the films that contain all possible crystalline modifications on a small, several 10 nm 
nanometer length scale which causes significant inhomogeneous broadening of the vibronic sub-
bands. In addition, the polymorphism causes both extended and isolated potential minima below 
the mobile Frenkel exciton energies at the grain boundaries of the nanocrystals 84,86,95. Optically 
excited mobile Frenkel excitons which are generated in ordered regions relax via directed motion 
into these energy traps. The aggregation of excitons at these energy minima leads to a high local 
(microscopic) exciton density resulting in small distances between excited molecules and hence 
efficient bimolecular quenching.  
In an earlier investigations 107 of optically excited Alq3 films it was demonstrated that the 
resulting high local exciton densities in such traps lead to bimolecular quenching even at 
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moderate excitation pulse fluences. In Section 2.4.1, the morphology of nominally 5-15 nm thick 
ultra-thin Alq3 films was investigated with atomic force microscopy (AFM) and scanning 
electron microscopy (SEM) to support the existence of molecularly ordered (nanocrystalline) 
areas on a several 10 nm length scale. In addition, and newly, we investigate the saturation of 
singlet-singlet annihilation coefficient as a function of the excitation density. Experimental 
details are given in Section 3.2. The saturation behavior is studied using time-resolved (TR) and 
time-integrated (TI) detection methods. To investigate the intensity and temperature dependence 
of the quenching coefficient a photodiode was used as a detector. The simplified set-up provides 
a higher measurement accuracy as in pulsed excitation95 and also allows the detection of light 
emission at very low excitation densities. The obtained experimental PL yield is compared with a 
coupled rate equation model for steady state excitation. Our experimental findings using time-
resolved (TR) and time-integrated (TI) detection methods will be discussed and compared in 
Section 3.3. 
3.2 Experimental Details 
3.2.1 Time resolved photoluminescence measurements 
An OMBD grown Alq3 film with a thickness of 120 nm on a Si (001) substrate was used for this 
investigation. To analyse the dynamics of the exciton emission the Alq3 film was excited by a 
frequency doubled Ti: Sapphire laser providing infrared 100 fs laser pulses (at O = 814 nm) at a 
repetition rate of 80 MHz. Since the lifetime of trapped excitons in Alq3 films is in the range of 
20 ns in earlier measurements 95 the pulse repetition rate was reduced from 80 MHz to 4 MHz (or 
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~250 ns repetition time) by an acousto-optic pulse selector. The pulse repetition time of 250 ns 
gives the excited molecules sufficient time to relax back to their highest occupied molecular 
orbital (HOMO). The laser pulses were subsequently frequency doubled by a Bariumborate 
(BBO) crystal to generate pulses with an excitation wavelength of O = 407 nm (~3.04 eV). The 
contrast ratio of the first-order diffracted pulses compared to the blocked zero-order pulses 
frequency doubled pulses was higher than 10000. The average power of the light pulses has been 
varied between 1 and 152 µW. For the time resolved PL measurements a lens with a focal length 
of 125 mm was used to collimate the 3.0 mm diameter wide pulsed laser beam onto the sample 
resulting in an excitation area of 3.8 x 10-6 cm2 on the film. The time-integrated PL was 
spectrally resolved in a spectrometer and measured with a GaAs photomultiplier as detector. 
Time-resolved decay traces were recorded at the spectral position of the maximum Alq3 emission 
(at approximately 520 nm) using the technique of time-correlated single photon counting 
(TCSPC) with a response time of less than 1.5 ns. A closed-cycle He cryostat was used for 
variable temperature measurements between 10 and 300 K. 
3.2.2 Spectrally and time-integrated photoluminescence 
measurements using a photodiode 
For spectrally and time-integrated photoluminescence (PL) measurements the Alq3 films were 
excited by a continuous wave (cw) GaN based laser diode at ~3.04 eV (O = 407 nm). The 
excitation power was varied between ~1 µW and 1.3 mW. As for the pulsed excitation a lens 
with a focal length of 125 mm was used to collimate the 3.0 mm diameter wide laser beam onto 
the sample. The Alq3 emission was analyzed using a calibrated photodiode (Hamamatsu fast Si 
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photodiode S3071) which was connected to a high-speed Agilent digital multi-meter. A GG 425 
filter was used on the photodiode to block the incident laser emission. In addition a KG 5 filter 
was used to block any luminescence from the Si substrate in the infrared spectral region. The 
sample was exposed to different laser light intensities for 2 seconds during which the spectrally 
integrated signal was recorded by the digital multi-meter. The light intensity was changed from 
low to high values at each temperature to minimize possible film degradation at highest 
excitation density. After the measurement at highest intensity the measurement at lowest 
intensity was repeated. In case there was a discrepancy in the signal response, the sample was 
moved to an adjacent spot which showed a similar count as in the first lowest intensity 
measurement before starting a new measurement series at the next higher temperature. The 
measured background was subtracted from each recorded signal. 
3.3 Experimental Results 
3.3.1 Spectrally resolved TI photoluminescence at different 
temperatures 
Figure 3.1 shows the PL spectra of a 120 nm thick Alq3 film at the temperatures of 15, 170 and 
300 K at a light pulse energy of 3.04 eV and an energy fluence of 8.5 µJ/cm2. The PL spectra 
show a broad emission band which is attributed to the polymorphous growth of an Alq3 film 
containing all possible crystalline modifications 89,90,92,108,109 within short-range ordered (nano-
crystalline) areas. As reported earlier 95 the PL peak intensity increases at such high fluence with 
increasing temperature. At ~170 K the PL peak intensity is enhanced by a factor of more than 2 
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and the emission maximum shifts by approximately 25 meV to lower energies. Above 300 K the 
PL intensity decreases to about 2/3 of the intensity at 170 K and the band maximum further shifts 
to lower energies. This result is similar to the temperature dependence that has been observed in 
a 90 nm thick Alq3 film observed by a different group 110 who attributed the observed PL 
enhancement between 15 and 190 K to an increasing number of thermally activated 
intermolecular delocalized Frenkel excitons with high emission rate. In contrast to their 
 
interpretation our intensity dependent PL measurements demonstrated 107 that the PL signal 
reduction at low temperature (15 K) is due to the bimolecular quenching of trapped excitons 
which are localized in the potential minima at the grain boundaries between the several 10 nm 
 
Figure 3.1: PL spectra at a light pulse energy of 3.04 eV (O= 407 nm) and an energy fluence 
of 8.5 µJ/cm2 at different temperatures as labelled. The arrow indicates PL maximum at 
~2.384 eV (λ = 520 nm) which was used as detection energy for the time-resolved PL 
measurements.  
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small Alq3 nanocrystals. While no structural evidence for the existence of such nanocrystals was 
given in the previous study 107, the AFM and SEM images of ultrathin films are shown in Figure 
2.4 and Figure 2.5 in Section 2.4 clearly support that the Alq3 film is composed of differently 
shaped and ~50 nm sized nanoparticles in the Aq3 films. The reduction of the PL quenching and 
the observed red-shift of the emission maximum with increasing temperature is attributed to a 
thermally activation of trapped excitons into non-quenchable radiative states with higher 
localization energy. These states are located within or in close vicinity of the extended trapping 
sites which are for instance caused by fluctuations in the molecular environment. Thermally 
activated charge-transfer (CT) or excimer-like states where the wavefunction of the exciton is 
partially delocalized between two adjacent molecules could also contribute to the reduction of 
bimolecular quenching. Further increase of the temperature reduces the PL efficiency due to de-
trapping and subsequent migration of excitons into non-radiative traps. 
3.3.2 Time resolved photoluminescence measurements at 
different pulse fluences 
The singlet-singlet annihilation of excitons which are trapped in extended potential minima at 15 
K becomes clearly visible in pulse fluence dependent PL time traces which were acquired in 
TCSPC experiments. Figure 3.2 shows the time traces of a 120 nm thick Alq3 film at excitation 
energy fluxes ranging from 0.1 to 10 µJ/cm2 at a detection energy of 2.384 eV (λ = 520 nm) 
which is close to the PL maximum indicated as an arrow in Figure 3.2. For comparison the TR 
PL signals at different excitation intensities were normalized. At high excitation densities the PL 
traces show a pronounced non-exponential decay. At highest excitation density (10 µJ/cm2 
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fluence per pulse) the time-integrated normalized PL intensity is reduced by a factor of ~2 
compared to the value obtained at lowest fluence of 0.1 µJ/cm2 (not shown here). The increasing 
decay and reduced time-integrated PL yield indicate the presence of singlet-singlet annihilation 
processes at high excitation densities. 
To explain the observed bimolecular quenching at 15 K and the temperature dependence at 
higher temperatures we consider that the optically excited Frenkel excitons in the Alq3 
nanocrystals relax quickly (on a picosecond timescale) into their HOMO n =0 vibronic state. 
These relaxed “quasi-free” Fenkel excitons migrate within the weakly disordered nanocrystal via 
 
Figure 3.2: Normalized time resolved PL signal obtained from a 120 nm Alq3 film at 
15 K as a function of the incident energy fluence as labelled. Thick full, dashed and 
dash dotted black lines are numerical fits as described in the text. 
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intersite transport until they get trapped in the potential minima at the grain boundaries between 
different Alq3 nanocrystals. This results in a significant local (microscopic) exciton density  
Table 3.1: Fitting parameters of TRPL measurements shown in Figure 3.2 at 15 K and for the 
temperature dependent model shown in Figure 3.5. The incident photon densitiy nphoton per pulse and 
initial exciton densities nFrenkel, n1 (0), n2 (0) are given at a fluence of 1 µJ/cm2. 
 
A1 0.34 
W1  4.2 ns 
A2 0.72 
W2  19.0 ns 
J1  2.4 x108 s-1 
J 2  5.2 x107 s-1 
J f 5.0 x109 s-1 
J fr 5.2 x107 s-1 
J 1r 5.2 x107 s-1 
J 2r 5.2 x107 s-1 
J 3r 5.2 x107 s-1 
J 1nr 1.85 x108 s-1 
J23 6.5 x108 s-1 
n photon  2.05x1013 cm-2 
n Frenkel (0) 6.50x1016 cm-3 
n1 (0) 9.80x1015 cm-3 
n2 (0) 2.05x1016 cm-3 
'1 90 meV 
'2 100 meV 
'3 145 meV 
'b 20 meV 
'l 45 meV 
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enhancement at the grain boundaries which leads to an efficient PL quenching even at moderate 
fluences. The PL efficiency quenching is weak at lowest fluence.  
A bi-exponential fit (see full black line) that neglects weak radiation from longer living 
states and weak bimolecular quenching at lowest incident fluence of 0.1 µJ/cm2 reveals a short 
lifetime of T1 = 4.2 ns and a long lifetime of T2 = 19.0 ns with amplitudes A1 = 0.34 and A2 = 
0.72 which are attributed to two different and locally separated trapping sites with exciton 
densities n1(t) and n2(t). The excitons with density n1(t) are attributed to excitons which are 
localized in disordered or defective areas containing radiative as well as non-radiative molecules. 
Trapped excitons with density n2(t) are localized in more ordered trapping sites which possess 
significantly less defective areas. We therefore neglect non-radiative processes for n2 excitons 
and approximate the measured lifetime of 19.0 ns to be essentially equal to the radiative lifetime 
“quasi-free” excitons. For excitons n1 in more defective traps we assume the same radiative 
lifetime and estimate a non-radiative decay rate of γnrad = 1.85 x 108 s-1 or a non-radiative lifetime 
5.4 ns. From the measured amplitude ratio A1:A2 = 0.476 of the fitted PL trace we find a density 
ratio of n1(0):n2(0) ≈ 1:2. The obtained low-intensity values are summarized in Table 3.1. 
Subsequently, we analysed the PL traces at higher energy fluences (0.47 to - 10 μJ/cm2 
per pulse) which show singlet-singlet annihilation. Since excitons in defective traps have a lower 
density n1(t) and a reduced exciton diffusion as compared to excitons in ordered traps with 
density n2(t) we neglect bimolecular quenching between excitons with density n1. The initial 
densities n1(0) and n2(0) at a specific pulse fluences were determined as described in Ref. [95] 
considering an absorption coefficient of with α being ~4 x 104 cm-1 105,111,112. The ratio of the TI 
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PL traces at lowest energy fluence at 15 and 300 K efficiency results in a PL efficiency in this 
Alq3 film of approximately ~35 % at 15 K (compared to 25% at room temperature 111,113,114). The 
difference in the efficiency value at 15 K as well as the slightly different radiative and non-
radiative lifetimes of the trapped excitons compared to the Alq3 film investigated in Ref. [95] is  
attributed to variations of the growth temperature or to different long exposure to ambient 
atmosphere 115. Resulting values of initial trapped exciton densities n1(0) and n2(0) per 1 µJ/cm2 
Figure 3.3: Extracted bimolecular quenching coefficients γbq as a function of the initially 
generated trapped exciton density n2(0) with pulsed excitation (red squares) and steady state 
exciton density n2 at cw excitation (blue dots) at an incident light energy of 3.04 eV (O=407 
nm). The inset shows a double logarithmic plot of γbq versus density n2 revealing that the 
quenching coefficient follows a monomial expression (black line) given by Eq. (3.7). 
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incident fluence are given in Table 3.1. Fitted curves including bimolecular quenching are 
exemplarily shown for fluences of 0.47 and 10 µJ/cm2 with are shown as dashed and dashed-
dotted full black lines, respectively in Figure 3.2. Figure 3.3 shows the bimolecular quenching 
coefficients γbq as a function of initially generated excitons n2(0). The bimolecular quenching 
coefficients γbq were obtained from fitting the PL traces at all incident pulse fluences. With 
increasing pulse fluence we observe a reduction and saturation of γbq which is consistent with the 
finite density of quenchable trapping sites in the Alq3 film. Excitons exceeding the density of the 
deepest trapping sites at the grain boundaries have to reside in the vicinity of the occupied traps 
or at more extended trapping sites with higher energy. This increases the average excited 
molecule distance and thus reduces the value of the bimolecular quenching coefficient at a 
distinct exciton density n2. After the annihilation of excitons residing in the deepest traps higher 
energy excitons may subsequently relax into these traps. This retarded refilling of the deepest 
traps extends the total interaction time of annihilation processes and might explain the slightly 
poorer fitting of the time traces in Figure 3.2 at high excitation densities. 
3.3.3 Spectrally integrated photoluminescence yield at 
different incident light intensity and temperatures 
In order to investigate the intensity and temperature dependence of the bimolecular quenching 
effect we performed time-integrated PL measurements on the same Alq3 film at temperatures 
ranging from 15 to 300 K. Different to earlier temperature dependent investigations 95 the 
emitted light from the Alq3 film was measured as spectrally integrated signal with a photodiode. 
The excitation intensity of the cw light provided from a GaN based laser diode at ~3.04 eV (O = 
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407 nm) was varied between ~0.32 and 342 W/cm2. The PL efficiency measured as a function of 
the temperature for different incident light intensities is shown in Figure 3.4. Like in the TR PL 
measurements the PL yield was assumed to be 25% at 300 K at lowest intensity according to 
literature values 111,113,114. In agreement with the TR PL measurements the PL efficiency 
significantly decreases by more than a factor of 2 with increasing light intensity at 15 K. The 
bimolecular quenching effect also reveals a clearly visible saturation at highest excitation 
densities which is consistent with the observation using pulsed excitation presented in Section 
3.3.2. With increasing temperature the quenching effect decreases showing a PL yield maximum 
 
 Figure 3.4: Measured time-integrated PL efficiency as a function of the temperature 
for different incident light intensities as labelled using a cw light excitation from a 
GaN based laser diode at ~3.04 eV (O = 407). The emitted light was spectrally 
integrated using a photodiode.  
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at around ~150 K. The maximum of the PL yield is somewhat higher at low intensities as 
compared to high excitation intensities. As mentioned earlier the observed reduction of 
bimolecular quenching between trapped excitons with density n2 as a function of temperature is 
attributed to a thermally activated occupation of non-quenchable states. Above 150 K the PL 
efficiency decreases due to the de-trapping of excitons and filling of non-radiative traps reaching 
a PL efficiency of ~25% at medium excitation levels. At highest intensity the PL efficiency is 
further reduced to 20% suggesting that bimolecular quenching between trapped n2 excitons is 
weak but active even at room temperature. In order to support our interpretation and to determine 
the average bimolecular quenching coefficient at a distinct excitation intensity we modified the 
coupled rate equation model presented in Ref. [95] to the stationary case for cw excitation. The 
resulting equations are given by: 
2photon
P
a
I
ZS
 
 
(3.1) 
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2 3 3 3 3 3 30 ( ) exp( ) ( )exp( )lr f
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n T n n n Tk T k TJ J
' ' *     *   (3.5) 
 
In Eq. (3.1) the incident photon flux photonI  is calculated from the power P of incident 
cw light power with energy Z  = 3.04 eV using a focus radius of a = 11×10-4cm. An absorption 
 32 
 
coefficient α = ~4 x 104 cm-1 was used to generate Frenkel excitons. In the coupled equations 
(3.2) to (3.5) fn , 1n , 2n  and 3n  are the macroscopic densities of “quasi-free” excitons and of 
trapped excitons. )(exp)( 233 TkT B
b' * J  is the thermally activated occupation rate of non-
quenchable excitons 3n  with activation energy b' . Bk  is the Boltzmann constant. Constants 
totnnC /011   and totnnC /022   give the ratios of 1n , and 2n  state densities which are inside or 
in the vicinity of potential minima with more or less defective molecules, respectively, relative to 
the density of total available exciton states 02
0
1
0 nnnn NRtot   which also include the density 
of non-radiative centers. As described earlier in the TR PL experiments in Section 3.3.2 the 
density ratio of 0 01 2/n n  is ~1/2 which was assumed to be a representative ratio for the spectrally 
integrated detection as well. From the time-integrated PL efficiency of ~35% at 15 K at low 
excitation intensities the densities of radiative excitons 01n  in more and 02n  in less defective traps 
and of non-radiative excitons (NR) amount to 01 0.16 Frenkeln n u , 02 0.32 Frenkeln n u  and 
0.52NR Frenkeln n u , respectively. 1' , 2'  and 3'  are localization energies with respect to the 
mobile (“free”) exciton energy. These energies (together with activation energy b' ) determine 
the temperature at which the maximum PL yield occurs. frJ  and fJ  are the radiative decay and 
capture rate of “free” excitons. 1 rJ , 2 rJ  and 3 rJ  are the radiative and 1 n rJ  the (background) 
nonradiative rate of trapped excitons 1n , 2n  and 3n . The radiative rate r3J  was determined from 
the low intensity time trace recorded at 170 K to be 5.2 x107 s-1. bqJ  is the bimolecular 
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annihilation coefficient. In contrast to previous investigations 107 under pulsed excitation were 
the coefficient bqJ  was assumed to be intensity independent within the applied excitation fluence 
range the quenching coefficient is considered to be intensity dependent in this study. Its value 
was adjusted until optimum agreement between the experimentally measured efficiency and the 
calculated value at 15 K was reached. The parameter values that were used for the calculations 
are summarized in Table 3.1. They are close to parameters which were used in earlier 
temperature dependent calculations with pulsed excitation on a different Alq3 sample also 
demonstrating the reproducibility of the bimolecular quenching effect in OMBD grown Alq3 
films. A more comprehensive explanation of the parameters and their derivation is given in Ref. 
[95]. 
Figure 3.5 shows the calculated density of emitted photons )(Tnphe  from trapped excitons 
1n , 2n  and 3n  and free Frenkel excitons nf for different incident light intensities as labelled 
according to  
1 1 2 2 3 3( ) ( ) ( ) ( ) ( )phe r r r fr fn T n T n T n T n TJ J J J     (3.6) 
 
Also the individual contributions from trapped excitons 1n , 2n  and 3n  and free Frenkel excitons 
nf to the light emission are shown at the highest intensity of 342 Wcm-2 per pulse. The calculated 
curves show good agreement with the experimentally observed temperature dependent PL yield 
up to 150 K when the bimolecular quenching coefficients bqJ  were adjusted to the PL value at 
15 K. The calculated curves show a lower reduction of the PL yield for temperatures above 150 
K which might be explained by thermal activation into intermediate non-radiative trap before 
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Figure 3.5: Calculated density of emitted photons )(Tnphe  from trapped excitons 1n , 2n , 
and 3n  and quasi-free Frenkel excitons fn  using Eq.(3.6) for different incident light 
intensities as labelled. Corresponding bimolecular quenching coefficients γbq are plotted in 
Figure 3.3. 
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remobilizing excitons which is not considered in the present model. However, the overall trend 
of the temperature dependence is described correctly with the proposed model. 
The deduced intensity dependent bimolecular quenching coefficient bqJ  for trapped states 
as a function of the calculated density 2n  at 15 K are shown in Figure 3.3 as blue squares. The 
quenching coefficient values bqJ  are similar to the values obtained from the pulsed experiments  
(red full circles) at corresponding exciton densities n2. As for the TR PL measurements the 
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quenching coefficient bqJ  shows the expected saturation with increasing excitation intensity. 
However, the maximum quenching coefficient bqJ  at lowest intensity amounts to ~110 x 10-9 
cm3s-1 thus about a factor 50 times higher as earlier reported values from pulsed experiments 95. 
The results show that the saturation of quenching starts already at very low intensities. A double 
logarithmic plot (see inset in Figure 3.3) of bqJ  versus density n2 reveals that the quenching 
coefficient approximately follows a monomial expression  
2 2( )
k
bq n a nJ   (3.7) 
 
with a constant a = 0.283 cm3s-1 and an exponent of k = - 0.46. The behavior for bqJ  for pulsed 
excitation (red squares in Figure 3.3) slightly deviates from this behavior which is attributed to 
our assumption that bimolecular quenching can be neglected at lowest fluence. In particular the 
value deduced at the second highest fluence is affected by this approximation. The exponent k 
depends on the distribution of trapping sites with different sizes and localization energies which 
can accommodate a certain maximum number of excitons. The individual density of states of 
these trapping sites times the exciton occupation probability which is a function of the trapping 
energy and the successive filling of deepest traps determines the average microscopic distance 
between excited molecules. The resulting intermolecular distance is responsible for the measured 
average bimolecular quenching coefficient at certain excitation intensity. The nearly same 
quenching coefficient value deduced from the lowest and second lowest cw laser intensity 
indicates that the deepest traps are not yet filled by the generated n2 therefore no saturation is 
observed at excitation intensities below 0.55 Wcm-2. 
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Chapter 4 Refractive index dispersion and 
waveguiding in single and multi-layer organic films 
4.1 Introduction 
Organic semiconductor films have potential applications in opto-electronic devices such as 
organic light emitting diodes (OLEDs) 7–9, waveguide fabrication116, photovoltaic devices117 and 
photodetectors15. Organic materials can be easily deposited on a variety of substrates including 
low-cost and flexible substrates and also on any other organic materials3,4 or on metal layers 5,6. 
Effective medium multilayer waveguides made from different organic materials act as a 
homogeneous and anisotropic dielectric slabs which show natural birefringence. The dielectric 
properties of such organic effective medium multilayer structures open up unique opportunities 
to tailor waveguides with desired optical anisotropy and nonlinearity28,29 . High quality organic 
heterostructures can be fabricated without lattice matching1,2, which is an essential factor for the 
performance of many devices. Accordingly, organic multilayer structures are good candidates for 
applications in advanced opto-electronic devices  such as multiple quantum well structures 
(MQWs) 1,118,119, organic light emitting diodes118 and devices where polarization control is 
required29,120.  
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In this chapter, 3,4,9,10-perylentetracarboxyl–anhydride (PTCDA) and aluminum quinoline 
(Alq3) were used to fabricate and study the dielectric properties of pure and multilayer 
waveguides. Both the organic films and multilayer, which is composed of alternating nanometer 
thick PTCDA and Alq3 films, were deposited on Pyrex using OMBD. As described in Section 
2.2.2, the different molecular stacking of PTCDA in the molecular plane (102) and along the 
stacking direction (a direction) which is nearly perpendicular to the (102) plane, PTCDA results 
in strong anisotropic optical and electrical properties 3,4. In contrast to PTCDA, the propeller 
shaped Alq3 molecules form in general quasi-amorphous films 95,121,122 with nearly isotropic 
optical properties. Therefore the combination of both materials in multilayer films is expected to 
be ideal to tune the birefringence and the refractive index dispersion of waveguide structures 
within a wide range. 
The dispersion of the refractive indices of thin PTCDA98,123,124 and Alq3112,115,125 films has so 
far mainly been measured with ellipsometry. The results for both materials scatter widely which 
is often explained by the different structural quality of investigated samples. Instead of using 
values from literature to design the PTCDA/Alq3 multilayer I measured the in-plane and normal 
refractive indices of our OMBD grown PTCDA, Alq3 films and PTCDA/Alq3 multilayer at 
various wavelengths with the m-line technique72,73. Similar measurements have already been 
carried out on PTCDA films in earlier work 107,126, however, discrepancies to results obtained 
from ellipsometric spectroscopy motivated me to repeat m-line experiments on two new PTCDA 
layers with different film thickness.  
The m-line technique (described in Section 4.3 ) is based on the coupling between light 
reflected in a high refractive index prism and propagating modes in a waveguide and requires 
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less involved modelling than ellipsometric investigations. It is also an ideal technique to 
experimentally determine the refractive index of effective medium Alq3/PTCDA multilayer 
waveguides. Controlling of anisotropy and the dispersion of the refractive index by tailored 
multilayer waveguide is described in Section 4.6. 
4.2 Waveguide Structures 
Two PTCDA films of nominally 1.0±0.1 µm (labelled as waveguide P1) and 0.5±0.05 µm 
(labelled as waveguide P2) thickness and one Alq3 film with 2.2±0.1 µm nominal thickness 
(labelled as waveguide A1) were grown on Pyrex® substrate to determine the dispersion of the 
refractive index of the bulk materials. In addition, an alternating PTCDA/Alq3 multilayer 
structure (labelled as M1) was grown by OMBD. The multilayer structure comprises 33 PTCDA 
layers and 32 Alq3 layers with PTCDA as the first and last layer. The nominal individual layer 
thicknesses of PTCDA and Alq3 layers were 15 ± 2 nm and 20 ± 2 nm, respectively, resulting in 
a nominal total thickness of waveguide M1 of 1.135 ± 0.13 µm. A schematic sketch of the pure 
as well as the multi-layered waveguides is shown in Fig. 4.1. Deviations from the nominal total 
growth thicknesses of the deposited pure and the multilayer films were determined using a 
profilometer prior to the optical investigation. Thickness variations of ~±20% due to oblique 
x 
z 
y 
Substrate 
PTCDA layer 
(a) (b) 
(c) 
Alq3 layer 
Substrate 
Figure 4.1: Schematic sketch of (a) a pure PTCDA waveguide (b) a pure Alq3 waveguide and 
(c) the PTCDA/Alq3 multilayer waveguide. 
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growth across the sample area were determined for the PTCDA waveguides while no noticeable 
thickness variation was measured for the Alq3 film.  The thickness variations in the PTCDA film 
were considered in the numerical analysis. 
4.3 m- line technique 
A schematic sketch of the experimental set up for the m-line technique is shown in Figure 4.2. 
The m-line measurements on pure and multilayer waveguides were performed at excitation 
wavelengths ranging from the visible region (633, 638, 662 and 693 nm) using a He-Ne and 
various GaAs based solid state continuous wave (cw) lasers to the infrared region (794, 814, 844, 
894 and 914 nm) using a Ti:Sapphire laser in the cw mode. With neutral density filters the 
incident light power was kept below 1 mW to avoid light induced damage of the waveguides. 
The un-polarized He-Ne laser and semiconductor lasers were polarized with a sheet polarizer, the 
polarized Ti:Sapphire laser beam was rotated using a O/2 retardation plate for TE or TM mode 
excitation. A 10 x microscope objective lens with a long working distance focused the polarized 
neutral density 
filters 
prism and sample 
on rotation stage 
Screen 
laser 
pin-hole 
polarizer 
lens pin-holes 
Prism 
Thin film 
Lens 
Figure 4.2: Schematic sketch of the experimental setup of the m-line technique 
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laser beam onto the base of a 45°-90°-45° birefringent Rutile prism. The optical axis (c-axis) in 
the Rutile is oriented perpendicular to the unpolished triangles of the Rutile prism (parallel to the 
y-axis as denoted as  in Fig. 4.3). The film and glass substrate were clamped between the 
Rutile prism and a sample holder with a cylindrically shaped pressure area. A sketch of the side-
view of the prism, the film on the substrate and sample holder is illustrated in Figure 4.3. The 
prism and the attached waveguide were mounted on a rotatable stage which allows changing the 
incidence angle Ti with respect to the normal of the front face of the prism. The incident light 
couples to the waveguide modes when the z-axis component of the phase velocity of the light 
wave in the prism equals that of the propagating mode in the waveguide. The necessary phase 
matching can be achieved by adjusting the angle Ti between the beam and the prism base with 
the rotatable stage. As shown in index ellipsoid of Rutile in Fig. 4.3, TE modes in the waveguide 
are excited when the electric field oscillation is parallel to the c-axis (parallel to the y-axis 
denoted as   in Fig. 4.3), while TM modes are excited when the electric field oscillation is 
perpendicular to the c-axis of the prism (within the x-z plane denoted as  in Fig. 4.3).When the 
coupling condition is met, a dark line (m-line) is observed in the reflected beam spot on a 
detector screen as seen in the photograph  in Fig. 4.3. Each of these m-lines represents a different 
guided mode and appears at a different incident angle Ti which is known as the synchronous 
angle. The incident angles Ti, were measured for both the TE and the TM polarized light with an 
accuracy of 30 arc second (~0.010). To minimize the error these measurements were repeated 
three times at the incident angle Ti on the same spot. 
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4.4 X-ray characterization of organic films 
In order to determine the crystalline modification the morphologies of the Alq3, the 
PTCDA and the PTCDA/Alq3 multilayer films were investigated by x-Ray diffraction (XRD). 
Due to the quasi-amorphous structure of Alq3 no visible x-ray diffraction was observed in the 
Alq3 films. The measured XRD curve of a 40 nm thick PTCDA films is shown in Figure 4.4 (a), 
which reveals a maximum at 2θ = 27.75o indicating that it is composed of PTCDA in α-phase. 
The obtained full width at half maximum (FWHM) 0.33 of the rocking curve of 0.01 degrees is 
comparable to previous investigations of thin PTCDA films on Si substrate 3,127 demonstrating 
the high structural quality of the PTCDA sample. The XRD curve measured on the PTCDA/Alq3 
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Figure 4.3: (a) Schematic sketch of the m-line technique showing the side-view of the prism, the 
film on the substrate and the sample holder. The photograph shows a dark m-line within the 
reflected laser spot which appears on a detector screen when prism coupling occurs. (b) 
Refractive index ellipsoid of Rutile. 
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multilayer shows a maximum at 2 θ = 27.65o (Figure 4.4 (b)) and a broader α-PTCDA reflex 
with 0.44 o FWHM. The broadening of α-PTCDA reflex indicate inhomogeneous strain inside 
PTCDA crystallites and a small tilt of the PTCDA molecular planes with respect to normal of the 
substrate surface in agreement to previous investigations on PTCDA/Alq3 multilayers 3,4. The 
influence of the tilt of the molecular planes on the refractive index in the effective medium 
theory (EMT) multilayer will be discussed in section 4.6.3. 
 
Figure 4.4: X ray diffraction spectra (a) on a 40 nm thick PTCA film and (b) on a 32×[6 nm 
PTCDA/22 nm Alq3] multilayer film grown on Pyrex. The solid lines are the Gaussian fits. 
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4.5 Theoretical Modelling 
4.5.1 Planar waveguide theory 
The effective refractive index neff of the propagating mode in the waveguide is given by 
2 sin sineff m p pn n nT T  . 2n  is the refractive index of the film, pn  is the refractive index of the 
coupling prism. pT  is the angle of the beam with respect to the normal to the prism base (see Fig. 
4.3) and mT  is the synchronous angle of reflection at the air/film interface with respect to the x 
axis of the guided mode with mode index m. The ( )eff mn T  value can be determined by measuring 
the angle ( )( )meff in T at each m-line with  
 ( )sin( ) sin arcsin
m
i
eff m p
p
n n n
TT D
ª º§ ·
 « »¨ ¸¨ ¸« »© ¹¬ ¼
. (4.1) 
D is the base angle of the prism (450). In Eq.(4.1), the extraordinary refractive index ( )epn , or the 
ordinary refractive index ( )opn of Rutile128 were used in the calculation for TE and TM modes, 
respectively. 
 The optical energy couples into a waveguide mode when the waveguide mode 
satisfies the relation129 
 
2 23 212 cos 2 2 2mkn t mT I I S    (4.2) 
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where m = 0, 1, 2,…. is the order of the waveguide mode, t is the thickness of the film and 21I
and 23I are the phase changes due to the total internal reflection at the air/film and at the 
film/substrate interface, respectively130. From Eq. (4.2), the thickness of the waveguide t as a 
function of neff  for an isotropic waveguide medium (like Alq3) with n2 = n2x = n2y = n2z (where x, 
y, z denotes the coordinate directions as introduced in Fig. 4.3) can be derived and is given by   
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(4.3) 
The coefficients r1 , r2 are 1 for TE modes and 
2
2
21
1
nr n  and 
2
2
22
3
nr n for TM modes. n1, n2 and 
n3 are the indices of refraction of air, the film (waveguide) and of the Pyrex substrate, 
respectively. If a birefringent waveguide medium with n2x ≠ n2y = n2z like PTCDA is used Eq. 
(4.3) is the same for TE modes but needs to be modified for TM modes 131 to  
 
 
1/2 1/22 2 2 2
3 11 1
1 22 2 2 2
2 2
1/22 2
2
1 1tan tan
( )
2
eff eff
z z
x eff x eff
TM eff
x eff
n n n nm r rn n n n
t n
n n
O S [ [
S [
 
ª ºª º ª º§ · § · « »« » « » ¨ ¸ ¨ ¸¨ ¸ ¨ ¸« » « » « »© ¹ © ¹¬ ¼ ¬ ¼¬ ¼ 

. 
(4.4) 
Where 
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nr n , 
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znr n  and 
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n
n[   is the anisotropy ratio of the birefringent material. 
With the calculated effective refractive indices neff (θm) from Eq. (4.1), the bulk refractive index 
n2 (or n2x ≠ n2y = n2z) and the thickness t of the film can be determined by a numerical fit to the 
experimental data with the calculated values of Eq. (4.3) (or Eq. (4.4)). The fitted bulk refractive 
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index n2y= n2z for TE modes is equivalent to the bulk in-plane refractive index n|| and for TM 
modes n2x is equivalent to the normal refractive index nA. To check the validity of the determined 
waveguide thickness it was compared with the thickness value measured with a profilometer 
close to the position of the coupling prism.  
4.5.2 Effective medium approximation 
If the repetition period of alternating PTCDA and Alq3 layers in the multilayer waveguide is very 
small compared to the incident light wavelength, the multilayer stack can be treated as an 
effective medium. The effective in-plane and normal dielectric permittivity components of the 
layered structure is given by 132, 
 
1 1, 2 2,in plane y z f fH H H H H     (4.5)  
 1, 2,
2 1, 1 2,
normal x f f
H HH H H H
A A
A A
  
  (4.6)  
where 1H and 2H  refer to the permittivities of Alq3 and PTCDA, 1f and 2f  are the filling fraction 
factors of Alq3 and PTCDA, respectively, with 2 11f f  . Therefore Eq. (4.3) is also valid for an 
effective medium waveguide were n2 represents the bulk in-plane refractive index n|| = in planeH  
for TE excitation and n2 is equivalent to the normal refractive index nA = normalH  for TM 
excitation.
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4.6 Experimental results and discussion 
The incident angles ( )miT  for each corresponding mode of order m for both the TE and the TM 
modes for waveguides P1, P2, A1 and M1 were measured using the m-line technique as described 
in Section 4.3. The effective refractive indices neff (θm) as a function of the measured incident 
angle ( )miT  were determined using Eq.(4.1) for the experimentally observed guided modes. The 
error in ( )miT  was 0.50 resulting in an experimental error of Δneff  ≈ 0.006. The bulk refractive 
index n2 and the film thickness t were fitted with Eq.(4.3) as described in Section 4.5. The bulk 
in-plane n|| and normal refractive index nA was determined from the measured ( )miT  values of 
guided TE and TM modes respectively. 
4.6.1 Pure PTCDA waveguide 
The thicknesses of the pure PTCDA waveguides P1 and P2 were measured with a 
profilometer to be 1.00±0.05 µm and 0.45±0.02 µm, respectively, close to the area where the m-
line measurements were performed. From the m-line measurements the effective refractive 
indices neff (θm) were retrieved with Eq. (4.1) and then inserted into Eq. (4.3), where the thickness 
and the bulk refractive index n2y, n2x (n|| or nA for TE and TM polarized light, respectively) was 
varied until an optimum fit with the experimental data was achieved. In the calculations the 
refractive indices n1 and n3 were set to n1 = 1 (for air) and n3 = 1.47 (for the Pyrex® substrate). In 
Figure 4.5 the experimentally observed ( )eff mn T  values for waveguide P1 at an excitation 
wavelength of O = 794 nm are represented by solid red circles for guided TE and solid blue 
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squares for TM modes, respectively. The solid and the dashed black curves show the calculated 
dispersion curves neff (t) versus thickness obtained from Eq. (4.3) (or Eq. (4.3)) for TE and TM 
modes, respectively, which optimally agree with the experimental data for the parallel index n|| = 
2.163 and the normal refractive index nA = 1.560. The fitted waveguide thickness in the area  
where the m-line measurements were carried out results in 1.02 µm, which agrees well with the 
measured value of ~1.0 µm. The experimental errors Δneff ≈ 0.006 and of the fitted waveguide 
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Figure 4.5: Observed effective refractive indices neff  of TE modes in waveguide P1 (solid 
red circles) and P2 (open red circles) are shown at the wavelength 794 nm. Observed neff  of 
TM modes in waveguide P1 (solid blue squares) and P2 (open blue squares) are also shown. 
Solid (TE modes) and dashed (TM modes) lines represent the calculated neff curves as a 
function of waveguide thickness using Eq. (4.3) for waveguide P1. Dotted (TE modes) and 
short dotted curves (TM mode) represent the calculated neff  curves as a function of 
waveguide thickness for P2 waveguide. 
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thickness Δt ~15 nm are representatively given as error bars at the data points neff for TM0 and 
TE0 modes. The experimental data points ( )eff mn T  of waveguide P2 are represented by open red 
circles for TE and by open blue squares for TM modes, respectively. The bulk in-plane refractive 
index is found to be n || = 2.172 and the thickness is found to be 0.447 µm which agrees with the 
measured thickness of 0.45 µm. Since only one TM mode was observed at the wavelength O= 
794 nm in the waveguide P2, the nA = 1.542 value was obtained with Eq. (4.4) by using the film 
thickness obtained from fits of the TE modes. Dotted black curves show the calculated 
dispersion curves neff (t) versus thickness for TE modes using Eq. (4.3) which match with the 
experimental data for the bulk n|| refractive indices. The curves neff (t) of waveguide P1 have 
slightly lower values compared to sample P2.We attribute this difference to an increased density 
of crystal grains in the thicker waveguide P1 (~1 µm thick) compared to waveguide P2 (~ half the 
thickness of P1). The higher density of crystal gains leads to a higher average PTCDA molecule 
distances in the area of grain contacts thus slightly lowering bulk n|| refractive index in 
waveguide P1. The calculated dispersion curve neff (t) (using Eq. (4.4) versus thickness for TM 
modes is represented by a short dotted black line which matches with the experimental data for 
the nA refractive indices in waveguide P2. 
The bulk refractive indices n|| and nA for the other wavelengths were determined in the 
same way. The measured in plane refractive indices n||  are shown in Figure 4.6 as full red circles 
for waveguide P1 and open black circles for waveguide P2. The normal refractive indices nA are 
shown as solid blue (waveguide P1) and open blue squares (waveguide P2). The waveguide 
thicknesses which were obtained from fitting the experimental ( )eff mn T values with the neff (t)  
curves for TE modes at different wavelengths were averaged for waveguides P1 and P2 separately 
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and found to be 1.02 ± 0.02 µm and 0.45 ± 0.02 µm, respectively. The good agreement of these 
values with the thickness values obtained with the profilometer in the area where the m-line 
measurements were performed substantiates the high accuracy of this technique. At wavelengths 
larger than 662 nm only one TM mode was observed in P2 waveguide. In these cases, the nA 
values were calculated with Eq.(4.3) by setting the film thicknesses equal to the averaged values 
obtained from fits of TE (and TM modes at smaller wavelengths). The dispersion of the 
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Figure 4.6: Measured bulk in-plane n || for pure PTCDA waveguides P1 (solid red circles) 
and P2 (open black circles) and normal refractive indices nA for P1 (solid blue squares) and 
P2 (open black squares). The solid blue lines represents the fitted curves with Eq. (4.7) and 
the black dash lines represent the measured refractive index dispersion by spectroscopic 
ellipsometry 98 
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measured n|| and nA refractive indices was fitted by a Sellmeier equation with parameters A, B 
and C (O in µm), 
 2 2( )n A B CO   . (4.7) 
The solid blue lines in Figure 4.6 are the refractive index dispersion curves n|| (λ) and nA (λ) for 
waveguide P1 fitted with Eq. (4.7). The parameters A, B and C are summarized in Table 4.1.  
Table 4.1: Parameters A, B and C obtained from fitting the Sellmeier equation (O in µm) with the 
experimentally determined bulk in-plane n║ and normal nA refractive index values of the PTCDA 
waveguide film (P1). 
 
 
 
Similarly, the measured refractive indices n|| and nA of waveguide P2 were fitted with slightly 
different parameters A, B and C as shown in Table 4.2. The obtained parameters are in good 
agreement to earlier investigations using the m-line technique 107. The measured refractive 
indices n|| are ~3% lower compared to values obtained from a 25 nm thin PTCDA film on Si 
substrate by spectroscopic ellipsometry 98 (black dashed curves Figure 4.6). The lower n|| values 
(red full circles) are attributed to a higher structural disorder and increased density of crystalline 
domains in the ~1 µm thick waveguide P1 grown on Pyrex® substrate compared to the 25 nm 
thin PTCDA film deposited on Si. The higher density of grain boundaries leads to an increased 
average distance of PTCDA molecules and thus to a reduced refractive index in the PTCDA 
film. Waveguide P2 with nearly half the thickness of waveguide P1 shows slightly higher n|| 
 A B C 
n║ 4.111 0.179 0.290 
nA 2.419 0.002 0.382 
 51 
 
values (open black circles in Fig. 4.6) than in P1. As mentioned earlier the slight increase of n|| 
compared to P1 might be attributed to the reduction of grain boundaries in this thinner 
waveguide.  
Table 4.2: Parameters A, B and C obtained from fitting the Sellmeier equation (O in µm) with the 
experimentally determined bulk in-plane n║ and normal nA refractive index values of the PTCDA 
waveguide film (P2). 
 
 
The obtained normal refractive index values An  agree reasonably with ellipsometric values 
obtained by Friedrich et al. 98 (dashed black line). Within the spectral range and particularly 
below O ≈ 800 nm our measured An  dispersion shows smaller values than in the dispersion found 
in spectrometric ellipsometry. This result again suggests an increasing average PTCDA molecule 
distance in the thick PTCDA films on Pyrex® compared to the 25 nm thin PTCDA film 
deposited on Si which was used in the ellipsometric investigations. The increasing deviation of 
the normal refractive index values An  with decreasing wavelength, which has also been observed 
for a 0.8 nm thick PTCDA sample in an earlier investigation 107, has been reproduced in this 
thesis again. The measured An  dispersion is therefore considered to be more reliable as the 
values obtained by ellipsometry. 
 A B C 
n ║ 4.150 0.193 0.284 
nA 2.330 0.018 0.305 
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4.6.2 Pure Alq3 waveguide 
The thickness of the pure Alq3 waveguide A1 was measured with the profilometer to be 
2.20±0.10 µm. In Figure 4.7, the measured values ( )eff mn T  of the experimentally observed 
TE and TM modes at the wavelength O = 633 nm are represented by red solid circles and by 
blue solid squares, respectively. The dispersion curves neff (t) versus waveguide thickness for 
various m modes were again obtained from Eq. (4.3) by fitting the bulk refractive index of 
Alq3 to the data points ( )eff mn T . The full and dashed black lines in Fig. 4.7 show the 
 Figure 4.7: Observed effective refractive indices neff of TE modes (full red circles) and 
TM modes (full blue squares) in the Alq3 waveguide A1 are shown at the wavelength 
633 nm. Solid (TE modes) and dashed (TM modes) lines represent the calculated neff 
curves as a function of waveguide thickness using Eq. (4.3) 
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calculated neff versus thickness curves.The experimental errors of neff and the fitted 
waveguide thickness are ~0.006 and ~15 nm, respectively, and indicated by error bars. 
Unexpectedly for an amorphously grown organic material we find a slight difference between 
the ( )eff mn T  values of the TE and TM modes. This difference is smaller than the experimental 
error caused by the error in the measurement of the angles θm. In the case that the observed 
birefringence is not caused by the experimental uncertainty of the refractive index of the 
Rutile prism we propose that the observed weak birefringence of the bulk refractive index n|| 
and nA might be caused by the polycrystalline (quasi-amorphous) island growth 95 with few 
nanometer sized Alq3 crystal grains. As shown in AFM and SEM images (see Figure 2.4  and 
Figure 2.5 in Chapter 2) these islands have diameters of ~50 nm and heights of ~10 nm 
leading to a slightly different molecular order within the island plane area as along the 
vertically stacked island direction133.  
The wavelength dispersion curves of the bulk in-plane refractive index n|| (λ) and 
normal refractive index nA (λ) were evaluated as described in Section 4.5. Measured values 
for n|| and nA are presented in Figure 4.8 as full red circles and full blue squares, respectively. 
Open black triangles represent average refractive indices (navg) of n|| and nA. The wavelength 
dispersion of n|| and nA as well as of the average refractive index ( ) / 2aven n nA   (solid 
black line in Fig. 4.8) were fitted using Eq. (4.7) with the parameters A, B and C (O in µm) 
listed in Table 4.3. Our evaluated data compare well with the values obtained with the 
spectroscopic ellipsometry (black dashed line112). The average thickness of the Alq3 
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waveguide obtained by fitting the thicknesses in all the measurements is found to be 2.22 
±0.05 µm, which is in good agreement with the thickness measured with profilometer.  
Table 4.3: Parameters A, B and C obtained from fitting the Sellmeier equation (O in µm) with the 
experimentally determined bulk in-plane n║, bulk normal nA and the average of n║ and nA refractive 
index values of the Alq3 waveguide film. 
 A B C 
n ║ 2.748 0.078 0.002 
nA 2.792 0.050 0.105 
n avg 2.773 0.061 0.063 
 
 
Figure 4.8: Measured bulk in-plane n || (full red circles) and normal refractive 
indices nA (full blue squares) for pure Alq3 films A1. The open triangles represent the 
average value of refractive indices n|| and nA . The solid black line represents the 
fitted curves using Eq. (4.7) and the black dash line112 shows the measured refractive 
index dispersion with spectroscopic ellipsometry. 
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4.6.3 PTCDA/Alq3 multilayer waveguide 
We fabricated a waveguide M1 composed of alternating PTCDA and Alq3 multilayers in 
order to investigate the ability to control the dispersion and the birefringence of the composite 
materials. The sequence of the layers had a nominal period of 35 nm; it is thus much smaller 
than the wavelength of the incident light. With the profilometer a total thickness of 
waveguide M1 was measured to be 0.90±0.05 µm at the area where the m-line measurements 
were carried out which is ~20 % less than expected from the growth rates. We attribute the 
smaller total thickness of the PTCDA/Alq3 multilayer waveguide to a reduced sticking 
coefficient of the PTCDA molecules on the rough Alq3 layer 133 during the OMBD growth. 
The bulk in-plane index n|| and the normal refractive index nA of the M1 waveguide and its 
thickness were obtained by fitting the ( )eff mn T  values from the m-line measurements as 
described in Section 4.3. The experimentally obtained data points n|| and nA for waveguide M1 
were plotted versus wavelength (see Figure 4.9) as black diamonds and green stars, 
respectively. The average thickness from all TE fits (with Eq.(4.3) is found to be 0.87±0.01 
µm which agrees well with the measured thickness using the profilometer. With the measured 
values n|| and nA the filling factors of Alq3 (f1) and PTCDA ( 2 11f f  ) were determined for 
each wavelength used in the measurements (with eq. (4.5) and eq.(4.6)). We found that 
applying Eq. (4.5) to all data points for TE polarized excitation leads to an averaged value for 
the filling factor of f1 = 0.766, whereas using Eq. (4.6) for TM polarized excitation leads to 
the higher filling factor of f1 = 0.791. This difference can be attributed to a distortion in the 
 56 
 
growth direction of the PTCDA molecular stacks (with respect to the waveguide x-axis) on 
the rough Alq3 layers.  
Hence the PTCDA molecules are no longer perfectly parallel to the substrate, but slightly 
tilted at an average angle θ. We consider the average tilt angle by using the projections of the 
dielectric constants  ||,2ε  and A,2ε  for PTCDA onto the TE and the TM polarization leading 
to  
 
Figure 4.9: Measured bulk in-plane n|| (black diamonds) and bulk normal refractive 
indices nA (green stars) for PTCDA/Alq3 multilayer waveguide M1. The dashed black 
and green lines represent the fitted curves with Eq. (4.7). For comparison n|| and nA of 
pure PTCDA and nave, of Alq3 are shown as red circles, blue squares and with open 
black triangles, respectively. 
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Substituting these expressions in Eqs. (4.5) and (4.6) results in two equations with the two 
unknown values f1 and θ. For the measured refractive indices n|| and nA at nine different 
wavelengths, we found an average tilt angle of θ 0.0085 0.0055 r  in radians or 
θ 0.5 0.3 qr q  and an average filling factor of 1 0.778 0.018f  r . 
The wavelength dispersion curves n|| (λ) and nA (λ) can now be projected with the 
Sellmeier equations for pure PTCDA and pure Alq3 and the filling factor f1: 
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The predicted dispersion curves agree with the experimental data without any additional 
parameter as demonstrated by the black and green dashed lines in Figure 4.9. The knowledge 
of the filling factor f1 of Alq3 allows to cross check the layer thicknesses of Alq3 (t1) and 
PTCDA (t2) in the effective medium waveguide. It results in t1 = 21.8 ± 0.5 nm using the 
relation 1 1 1f N t T , where N1 = 32 is the number of Alq3 layers and where T is the total 
measured thickness of 0.90 µm. The layer thickness of PTCDA (t2) was found to be 6.0 ± 0.5 
nm using the relation 1 1 2 2T N t N t  , where N2  = 33 is the number of PTCDA layers. 
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Chapter 5 Controlling guided modes in 
plasmonic metal/dielectric multilayer waveguides 
5.1 Introduction 
Coupling light into hybrid dielectric/metal nanostructures using the plasmon oscillations of a 
free-electron gas offers unprecedented control over light-matter interactions in deep sub-
wavelength volumes. Possible applications of these plasmonic structures include long-range 
guiding of surface plasmon-polaritons (SPPs) below the diffraction limit 30–32 with bending of 
light around a corner 33 or beam splitting using T or Y shaped junctions 34,35. Such novel 
plasmonic components could enable hybrid on-chip optical data communication between 
integrated electronic circuits.  
To explore and improve the functionality of plasmonic systems, a wide variety of 
differently designed plasmonic heterostructures such as metal-air or metal-dielectric bilayers 
31,36, dielectric-metal-dielectric (DMD) waveguides 30,37–39, metal-dielectric-metal (MDM) 
structures 40–44 as well as dual slab waveguide structures 32,45 have been (predominantly 
theoretically) investigated. Further studies also include waveguides containing discontinuous 
composite dielectric-metal island films 76–78 in which the transport of electromagnetic energy 
is based on near-field coupling between surface plasmon–polariton modes of adjacent metal 
 60 
 
particles 134. Such composite dielectric-metal island films allow to modify the complex 
dielectric constant as a function of the metal filling factor 135 and offer surface enhancement 
effects which can be used  in  various applications such as molecule or particle detection for 
biological sensor application 77,79,80.  
Most of the above-mentioned investigations consider only one thin metal film or 
stripe which is deposited on or embedded between semi-infinite dielectric materials  with 
same or different dielectric constant 136–138. Several studies report on the insertion of 
additional dielectric nanolayers to achieve extended long-range plasmon waveguiding 139–143. 
In this chapter, we experimentally study how guided transverse magnetic (TM) and electric 
(TE) modes are modified if few nanometer thin metallic films are embedded in finite size (~2 
µm thick) organic aluminum-quinoline (Alq3) waveguides. The hybrid plasmonic waveguides 
comprising nearly centered single composite Alq3-Mg0.9:Ag0.1 metal-island layers or equally 
spaced metallic multilayers were fabricated by organic molecular beam deposition at ultralow 
vacuum (~10-8 mbar) on Pyrex® substrates. The plasmonic waveguide structures used for this 
study are illustarted in the Section 5.2. Aluminum-quinoline was selected since it is an 
appropriate material to fabricate high quality dielectric waveguides with low absorption 
losses at our investigation wavelength of 633 nm. In addition Alq3/metal multilayers can be 
deposited with nanometer control without breaking the vacuum on many substrates, even on 
flexible ones like plastic films or on water soluble substrates. The alloy Mg:Ag was chosen 
since it has a low evaporation temperature reducing the penetration of the metal into the 
organic material during deposition. However, that the choice of Alq3 and Mg:Ag has no 
significance on the generality of this investigations. Other organic or inorganic dielectric 
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cladding materials and metals could have been used to control the guiding properties of 
dielectric-plasmonic waves in a similar way. 
In this chapter, the effective refractive indices neff of guided TM and TE modes were 
investigated as a function of the position(s) of the composite metal film(s) within the 
dielectric waveguide and of the thickness(es) 72,73. The experimentally observed individually 
excited plasmonic, hybrid dielectric-plasmonic and dielectric waveguide modes which were 
measured using the m-line technique were presented in Section 5.5. The neff values of 
experimentally observed guided modes are compared with calculated values obtained from a 
multilayer waveguide model which is described in Section 5.4. The electric and magnetic 
field distributions of the guided modes, which were also calculated, are used to explain how 
the mode properties depend on the position of the composite metal film with respect to the 
field maxima (antinodes) or nodes. This investigation shows that metal films which are 
strategically placed in dielectric waveguides can be used to selectively excite and attenuate 
TM modes with plasmonic or dielectric character and to selectively suppress the coupling and 
guiding of specific dielectric TE modes. 
5.2 Investigated waveguide structures 
Pure Alq3 and Alq3/metal multilayer plasmonic films grown by OMBD 3,5,95,144 were used for 
this investigation. An alloy of 90% Mg and 10% Ag (Mg0.9:Ag0.1) was used for the metal 
layers. A 2.0±0.2 µm thick Alq3 film with one centered Mg:Ag layer, nominal thickness of 8 
nm (labeled as waveguide S1) and two ~2.2±0.2 µm thick Alq3 films each with one centered 
Mg:Ag layer of nominal thickness 10 nm and 15 nm (labelled as waveguides S2 and S3, 
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respectively) were used to study mode properties of plasmonic Alq3 waveguides. In addition, 
a 2.0±0.2 µm thick stack of four Alq3 layers, each having a thickness of 500 nm, and three 
embedded Mg:Ag layers with a nominal thickness of 10 nm each (labeled as waveguide T1), 
was grown. A pure Alq3 film of similar thickness (~2.2±0.2 µm) was used as the reference R. 
A schematic sketch of the pure as well as the designed waveguides with metal layers is 
shown in Figure 5.1. Deviations from the nominal total growth thicknesses of the deposited 
films were determined using a profilometer prior to the optical investigation and were 
considered in the data evaluation.  
5.3 Existence of plasmonic modes in metal islandic films  
Structural investigation on OMBD grown very thin Mg:Ag layers with nominal thicknesses 
of 5, 10 and 15 nm which were deposited on a 50 nm layer of Alq3 reveals, Mg:Ag film 
deposits as an island structure with island diameters ranging from 40 to 90 nm as illustrated 
in Figure 2.6 in Chapter 2. The average height of the metal-islands in the three deposited 
films are found to be 4.8, 9.7 and 13.8 nm with a filling factor of 69±4%, 81±2%, 90±3%, 
 
Figure 5.1: Schematic sketch of (a) the Alq3 reference waveguide (R) (b) an Alq3 waveguide 
with a single centered Alq3-Mg:Ag composite metal layer (denoted as S1, S2, S3 in the text) 
and (c) an Alq3 waveguide with three equally spaced embedded Alq3-Mg:Ag composite 
layers (denoted as waveguide T1). 
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respectively. We assumed that the embeded Mg:Ag layers in investigated waveguides as 
illustarted in the above section which are nominally, 8, 10 and 15 nm in thickness have a 
similar filling factor corresponding to the metal thickness. Due to the high filling factor, most 
of the Mg:Ag islands are connected with adjacent islands. The link between adjacent metal 
islands constitutes a composite metallic Alq3-Mg:Ag film in the waveguide. This suggests 
that coupled plasmonic modes predominantly propagate as a surface plasmon-polariton wave. 
Because of the relatively small amount of unconnected isolated metal islands, local 
plasmonic field effects are expected to play a subordinate role. Significant absorption loss 
enhancements or refractive index changes due to local plasmonic field effects would 
furthermore only be expected if the exciting He-Ne laser light energy is resonant with the 
surface plasmon energy of the metal islands. Recent electron energy loss spectroscopy 
(EELS) investigations on isolated Mg0.9:Ag0.1 clusters on Alq3 coated InP nanowires 145 show 
a broad (~0.5 eV) surface plasmon resonance at ~3 eV thus only non-resonantly overlapping 
with the excitation energy of the He-Ne laser (~1.96 eV). 
5.4 Theoretical Modelling 
5.4.1 Multilayer model calculation 
The effective refractive index neff for an experimentally observed guided modes using m-line 
technique, which is coupled at the synchronous angle Tm, can be determined using Eq.(4.1) 
given in 4.5. In the calculations for the index of refraction of the prism np for TE and TM 
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modes, 2.865epn  , the extraordinary refractive index, or 2.584opn  , the ordinary refractive 
index of Rutile at 633 nm 146 was used, respectively. 
An algorithm introduced by Schlereth et al. 147 describes in detail how the complex 
propagation constants re imiE E E   in z-direction (see Figure 4.3) and the electric field 
distributions of TE modes in a multilayer structure can be calculated from the known 
complex refractive indices re imn n in   of each layer. In the following we describe this 
method for TM modes: Assuming the layers are stacked downward in +x-direction (see 
Figure 4.3) and the general propagation direction of the wave is in z-direction, a TM 
polarised mode in the jth layer is described by 
 
, , ,( ) exp( ( )) exp(- ( ))y j j x j j j x j jH x C K x t D K x t     (5.1) 
where jC  and jD  are the complex field amplitudes of 1, ,( ) ( )y j j y jH x B xP , 
2 2 2
, 0x j jK k nE   is the complex propagation constant in - direction in the jth layer and 0k  
is the wave number in vacuum. jt  is the location of the interface between layer j and j+1. At 
an interface the boundary conditions for the magnetic fields require 
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With 1j j jd t t   as the thickness of the jth layer this leads to two equations for C  and D  
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which can be written in matrix notation as 
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Where T j  is a 2 x 2 matrix that depends on ,x jK and , 1x jK  and thus on the unknown E  and 
the known refractive indices jn , T T ( )j j E . Hence, the field amplitudes in the bottom layer  
N result from the ones in the top (first) layer 1 as follows:  
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The field is evanescent in negative x-direction (upward) in layer 1 (air) and evanescent in 
positive x-direction (downward) in the bottom layer N (substrate), therefore Eq. (5.4)  
reduces to 
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 (5.6) 
which leads to 11 0t C   and –since 0C z – to 11( ) 0t E  . The complex propagation constant
E  that solves this equation can be found with a numerical method. The effective refractive 
indices neff  of the propagating modes are given by 0/eff ren kE  which can then be 
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compared to the experimentally measured refractive indices neff Eq.(4.1). In addition, the 
absorption coefficient 2 imD E  and the complex magnetic field distributions ( )yH x  can be 
calculated for the guided modes using Eq. (5.5) recursively. With Maxwell’s equations the 
field distributions 
0
( )1( ) i yz
dH xE x dxZHH 
 and 
0
( ) ( )x yE x H x
E
ZHH   
148 can also be 
derived. Similar equations analogous to (5.1) through (5.6) provide the dispersion curves and 
the complex field distributions ( )yE x , ( )zH x and ( )xH x  for TE modes 147. 
5.4.2 Effective medium theory (EMT) for composite 
films 
The complex refractive index of the composite Alq3-Mg:Ag island film was determined using 
effective medium theory (EMT). The effective dielectric permittivity ( eH ) of two 
dimensional composites is given by 135; 
 2 21{(2 1)( ) (2 1) ( ) 4 }
2e m d m d m d
p pH H H H H H H   r     (5.7) 
where mH  is the permittivity of the Mg0.9:Ag0.1 alloy, dH  is the permittivity of the dielectric 
Alq3 and p is the filling factor of the metal alloy. The sign in Eq. (5.7)  needs to be chosen 
appropriately to result in a posive imaginary part of eH  135. The complex permittivities of Mg 
and Ag ( MgH and AgH ) at 633 nm were calculated from their linear refractive indices 
0.48Mgn   149 and 0.135Agn   150 and their extinction coefficients 4.92MgN   149 and 
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3.99AgN   150, respectively. The permittivity of the Mg0.9:Ag0.1 alloy was then determined 
according to 0.9 0.1 22.987 4341m Mg Ag iH H H     . The permittivity of Alq3, 
3
2( )d AlqnH   was calculated from its in-plane refractive index 3 1.7168Alqn   for TE 
polarization and from the out of-plane refractive index 
3
1.7208Alqn   for TM polarization. 
The in-plane and out-of- plane refractive indices of Alq3 were determined by m-line 
measurements on pure Alq3 waveguides 6. The slight birefringence of the Alq3 film is 
attributed to polycrystalline (quasi-amorphous) layer growth 95 with few nanometer sized 
Alq3 crystal grains. The complex refractive index of the composite Alq3-Mg0.9:Ag0.1 island 
layer was finaly deduced from the real and imaginary part of the effective dielectric 
permittivity ( )eH  given in Eq. (5.7). The refractive indices of air and of the Pyrex substrate 
were taken as 1.00 and 1.47, respectively. 
5.5 Experimental results and discussion 
5.5.1 Guided modes in plasmonic Alq3 waveguides with 
a single embedded metal layer 
Guided TE and TM modes were studied in three Alq3-Mg:Ag plasmonic waveguides labelled 
as S1, S2 and S3, each with a single embedded Mg:Ag layer of a nominal thickness of 8, 10 or 
15 nm near the center of the waveguide. The measured effective refractive indices neff  of 
various TM modes for all three waveguides S1, S2 and S3 are presented in Figure 5.2 as data 
points (red triangles, blue dots, orange squares). Vertical error bars representatively shown 
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for the TM0 mode indicate an experimental error of neff  of 0.35%. (Same errors are indicated 
in Figure 5.6, Figure 5.6 and Figure 5.8). The total thicknesses of the waveguides S1, S2 and S3 
were measured to be 1.8, 2.0 and 2.0 µm, respectively, using a profilometer prior to the 
optical measurements which was ~10% less than nominally expected. The individual top  and 
bottom Alq3 layers as well as the effective thicknesses of the composite Alq3-Mg:Ag metal 
layers  were determined by fitting them to the measured effective refractive indices neff using 
the theoretical model as explained in Section 5.4. In this procedure, the individual layer 
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Figure 5.2: Experimentally observed effective refractive indices neff of guided TM modes in 
plasmonic Alq3 waveguides S1, S2 and S3 with a centered single Alq3-Mg:Ag composite 
metal layer of 7, 9 and 13 nm thickness, respectively, and of the pure Alq3 waveguide R. The 
solid and the dashed lines are the calculated neff dispersion curves of a plasmonic Alq3 
waveguide with a 9 nm thick centered single Alq3-Mg:Ag composite metal layer and of 
reference waveguide R, respectively. 
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thicknesses were varied until optimum agreement between the experimentally observed and 
calculated effective refractive indices neff  of all guided TM and TE modes was 
simultaneously reached. The obtained thicknesses of the bottom Alq3 layers are in good 
agreement with the nominal values, while the fitted thicknesses of the top Alq3 layers are 
~15-20 % less than nominally expected. This is consistent with the lower values of the total 
thickness found by the profilometer measurements. We attribute the smaller thicknesses of 
the top Alq3 layers to a reduced sticking coefficient of the Alq3 molecules on the rough 
Mg:Ag islands film during the OMBD growth. The fitted effective thicknesses of the  
composite Alq3-Mg:Ag island layers resulted in 7, 9 and 13 nm using filling factors of p = 
0.7, 0.8 and 0.9 (as determined in section 2.4.2) for the waveguides S1, S2 and S3, 
respectively. The individual Alq3 layer and Alq3-Mg:Ag film thicknesses of the waveguides 
S1, S2 and S3, are summarized in Table 5.1.  
Table 5.1: Fitted thicknesses of Alq3-Mg:Ag composite metal layer, top and bottom layers of Alq3 
and total thickness compared with the measured total thicknesses of plasmonic waveguides S1, S2 and 
S3 using a profilometer. 
 S1 S2 S3 
Top Alq3 layer (nm) 760 860 950 
MgAg/ Alq3 composite layer (nm) 7 9 13 
Bottom Alq3 layer (nm) 970 1100 1100 
Total thickness from fitting (nm) 1737 1969 2063 
Profilometer measured thickness (nm) 1800±90 2000 ±100 2000±100 
Nominal total thickness (nm) 2008 2210 2215 
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Horizontal error bars in the data points in Figure 5.2 (as well as in Figure 5.4, Figure 5.6 and 
Figure 5.8) indicate an uncertainty of ~±15 nm in the waveguide thickness fit. The solid lines 
in Figure 5.2 show exemplarily the calculated neff  dispersion (neff versus waveguide 
thickness) curves for different TM modes of the waveguide S2 with a top–to-bottom Alq3 
cladding layer ratio of 0.781. This ratio was kept constant in the calculation while the total 
waveguide thickness (x-axis) was varied. The theoretical disperion cuves optimally match the 
experimentally observed effective refractive indices at a total thickness of 1969 nm. For 
clarity the neff  versus thickness curves for waveguides S1 and S3 have been omitted in Figure 
5.2, but the agreement is equally good using a top-to-bottom Alq3 cladding layer ratio of 
0.784 and 0.864 (see Table 5.1), respectively. (Calculated neff  dispersion curves of waveguide 
S3 can be found in ref. (5). The open circles and dashed lines in Figure 5.2 show the measured 
neff values and dispersion curves of the effective refractive indices for different TM modes of 
a pure Alq3 waveguide R for comparison. The experimental and calculated results indicate a 
significantly increased effective refractive index neff  for the TM0 mode and a measurable 
increased neff  for the TM2 mode compared to the pure Alq3 reference, S2, which were not 
measurable effects within the experimental errors.  
To explain the experimental results we calculated the magnetic field distributions 
( )yH x  of  the TM modes in the plasmonic Alq3 waveguide as outlined in section 5.4. The 
squared magnetic field distributions *( ) ( )y yH x H x  for waveguide S2 are exemplarily 
displayed in Figure 5.3. For comparison, the calculated squared magnetic field distributions 
in the pure Alq3 reference waveguide R are given as dashed lines. The graphs in Figure 5.3 
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demonstrate that the magnetic field distribution of the TM0 mode has its antinode close to the 
position of the Alq3-Mg:Ag composite layer, which leads to a symmetrically bound (sb) 
plasmonic mode 137,138 and explains the increase of neff beyond the Alq3 bulk refractive index. 
Theoretically137,138 an anti-symmetrically bound TM0 (ab) plasmonic mode exists as well. It 
has a high refractive index of neff = 6.17 and an approximately three order of magnitude 
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Figure 5.3: Calculated squared magnetic field distributions Hy(x)Hy*(x) of guided TM 
modes in the Alq3 waveguide S2 with a 9 nm thick single Alq3-Mg:Ag composite metal 
layer. The vertical line indicates the position of the composite metal layer with respect to 
the air/Alq3 interface at x = 0. Calculated squared field distributions of TM modes in a 
pure Alq3 reference waveguide R are indicated as dashed lines. 
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stronger damping ( 5 16 10 cmD | u ) compared to the TM0 sb mode ( 2 14 10 cmD | u ).Since 
this antisymmetric high-index mode cannot be experimentally observed, the field distribution 
of this mode has not been included in Figure 5.3. The higher-order TM modes are hybrid 
dielectric-plasmonic modes with a varying degree of plasmonic characters. TM2 and TM3 
modes possess an antinode close to the position of the composite metal layer which explains 
the observed increase of the effective refractive indices of these modes. In contrast, TM  
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Figure 5.4: Experimentally observed effective refractive indices neff of guided TE modes in 
plasmonic Alq3 waveguides S1, S2 and S3 with a centered single Alq3-Mg:Ag composite metal 
layer of 7, 9 and 13 nm thickness, respectively, and of the pure Alq3 waveguide R. The solid 
and the dashed lines are the calculated neff dispersion curves of a plasmonic Alq3 waveguide 
with a 9 nm thick centered single Alq3-Mg:Ag composite metal layer and of reference 
waveguide R, respectively. 
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modes which have anti-nodes in the Alq3 layers, like the TM1 and TM4 modes, show 
predominantly dielectric behaviour. The TM5 mode has only one of its 6 antinodes at the 
Alq3-Mg:Ag composite layer, which is not enough to acquire sufficient plasmonic character 
to shift the effective refractive index significantly. 
The effect of the inserted Alq3-Mg:Ag composite metal film on TE modes was 
investigated in a similar way. The measured refractive indices neff  of the observed TE modes 
from all three single metal layer samples and of reference waveguide R can be seen in Figure 
5.4 as data points. As before, the calculated dispersion curves of the refractive indices for the 
TE modes in a plasmonic Alq3 waveguide with a single 9 nm metal layer (solid lines) and in a 
pure Alq3 waveguide as reference R (dash lines) are shown for comparison. The calculations 
and the experiments show that -unlike the TM modes- the effective refractive indices of all 
modes, predominantly of even modes, are shifted to lower values by the embedded Alq3- 
Mg:Ag composite layer compared to the reference sample. Experimentally, none of the three 
waveguides coupled to a TE0 mode and the TE2 and TE4 modes were either weak or vanished 
with increasing thickness of the Alq3-Mg:Ag composite layer. 
These results can again be understood by analyzing the complex electric fields ( )yE x  
which are plotted in Figure 5.5 as squared field distribution *( ) ( )y yE x E x . The Alq3-Mg:Ag 
composite layer suppresses the field distributions of all modes in either the top or the bottom 
layer due to partial reflection at the thin metallic film. The fields are pushed into the low 
index cladding layer, air or pyrex, which leads to a general shift to lower effective refractive 
indices neff for all modes. The TE0, TE2 and TE4 modes have their “center of mass” in the 
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bottom Alq3 layer which partially explains the experimentally observed weak coupling into 
the waveguide through the Alq3-Mg:Ag composite layer. As will be discussed in section 5 the 
even modes TE0, TE2 and TE4, which possess a high electric field near the location of the 
composite metallic film, are also strongly damped due to high resistivity losses. This explains 
the weak or missing coupling to these modes in our experiments. The modes which are 
coupled well, like the TE1 and TE3 modes, have field distributions which are centered in the 
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Figure 5.5: Calculated squared electric field distribution Ey(x)Ey*(x) of guided TE modes in 
the plasmonic Alq3 waveguide S2 with a 9 nm thick single Alq3-Mg:Ag composite metal 
layer. The vertical line indicates the position of the composite metal layer with respect to the 
air/Alq3 interface at x = 0. Calculated field distributions of TE modes in a pure Alq3 
reference waveguide R are indicated as dashed lines. 
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top Alq3 layer and possess a node close to the position of the composite metallic film leading 
to reduced losses for these modes.  
5.5.2 Guided modes in plasmonic Alq3 waveguides with 
three embedded metal layers 
To increase the plasmonic effects on guided TM and TE field distributions we fabricated a 
plasmonic Alq3 waveguide with three equally spaced, 9 nm thick, embedded composite metal 
layers (sample T1) which has a structure as sketched in Figure 5.1 (c). The measured 
refractive indices neff for TM modes are presented in Figure 5.6 as blue full circles, the fitted 
individual Alq3 layer thicknesses are given in Table 5.2. For comparison the measured neff 
values of the reference waveguide R are given as open circles. As in the single composite 
metal layer waveguides (S1 to S3) the thicknesses of the Alq3 films that were grown on the 
rough metal-island layer are reduced by ~17% compared to the bottom layer which was 
deposited on the glass substrate. The calculated refractive index dispersion curves for the 
plasmonic waveguide T1 and of reference R are shown in Figure 5.6 as solid and dashed 
lines, respectively. Both the measurements and the calculations clearly indicate a 
significantly increased refractive index neff  for the TM0, TM1 and TM2 modes. Composite 
metal layer waveguides (S1 to S3) the thicknesses of the Alq3 films that were grown on the 
rough metal-island layer are reduced by ~17% compared to the bottom layer which was 
deposited on the glass substrate. The calculated refractive index dispersion curves for the 
plasmonic waveguide T1 and of reference R are shown in Figure 5.6 as solid and dashed 
lines, respectively. Both the measurements and the calculations clearly indicate a 
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significantly increased refractive index neff  for the TM0, TM1 and TM2 modes. The squared 
magnetic field distributions *( ) ( )y yH x H x  shown in Figure 5.6 reveal that these modes have 
antinodes close to the locations of the Alq3-Mg:Ag composite layers. They possess  
predominantly symmetrically bound (sb) plasmonic character. As in the waveguides with a 
single metal layer (waveguides S1 to S3) this leads to higher refractive indices neff. 
Numerically we obtain for each of the symmetric TM0, TM1 and TM2 sb modes 
antisymetrically bound (ab) plasmonic modes as well. They were not included in Figure 5.6. 
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Figure 5.6: Experimentally observed effective refractive indices neff of guided TM modes 
in plasmonic Alq3 waveguide T1 with three equally spaced Alq3-Mg:Ag composite metal 
layers of 9 nm thickness and of the pure Alq3 waveguide R. The solid and the dashed lines 
are calculated neff dispersion curves of a plasmonic Alq3 waveguide with three composite 
metal layers and of reference waveguide R, respectively. 
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Table 5.2: Fitted thicknesses of individual layers of individual Alq3 and Alq3-Mg:Ag composite metal 
layers and total thickness compared with the measured total thickness of plasmonic waveguide T1 
using a profilometer. 
 Fitted layer thickness (nm) 
1st Alq3 layer 400 
2nd Alq3 layer 400 
3rd Alq3 layer 400 
4th Alq3 layer (bottom layer on glass substrate) 480 
Each MgAg/ Alq3 composite layer 9 
Total thickness from fitting 1707 
Measured thickness from profilometer 1700±85 
Nominal total thickness 2030 
The squared magnetic field distributions *( ) ( )y yH x H x  shown in Figure 5.7 reveal that 
these modes have antinodes close to the locations of the Alq3-Mg:Ag composite layers. They 
possess predominantly symmetrically bound (sb) plasmonic character. As in the waveguides 
with a single metal layer (waveguides S1 to S3) this leads to higher refractive indices neff. 
Numerically I obtain for each of the symmetric TM0, TM1 and TM2 sb modes antisymetrically 
bound (ab) plasmonic modes as well. They were not included in Figure 5.7 because these ab 
modes have effective refractive indices of about 6.17effn |  and three orders of magnitude 
higher absorption coefficients ( 5 16 10 cmD | u ) than the symmetric plasmonic TM modes 
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and thus were experimentally not observable. The TM3 and TM4 modes whose antinodes are 
mainly in the Alq3 layers do not change their effective refractive indices compared to the 
reference waveguide R and possess a predominantly dielectric characters.  
The TE modes are strongly affected by the insertion of the three Alq3-Mg:Ag 
composite metallic layers. The calculated refractive index dispersion curves of the TE modes 
of sample T1 are shown as solid curves in Figure 5.8 together with measured (open black 
circles) and calculated curves of the Alq3 reference R (dashed curves) for comparison. 
Experimentally, we observed mode coupling only for the TE3 mode (full blue circle).  
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Figure 5.7: Calculated squared magnetic field distribution Hy(x)Hy*(x) of guided TM modes 
in plasmonic Alq3 waveguide T1 with equally spaced 9 nm thick Alq3-Mg:Ag composite 
metal layers. The vertical lines indicate the positions of the composite metal layers with 
respect to the air/Alq3 interface at x = 0. Calculated field distributions of TM modes in a 
pure Alq3 reference waveguide R are indicated as dashed lines. 
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Furthermore, the calculated effective refractive indices neff  of all modes are significantly 
lower than in the reference waveguide. 
These findings can again be explained by the squared electric field distributions 
*( ) ( )y yE x E x  for the TE modes which are depicted in Figure 5.9. Dashed lines represent 
squared field distributions of the pure Alq3 reference R. The graphs demonstrate that the field 
distributions of TE0, TE1 and the TE2 modes are strongly dampened by resistivity losses in 
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Figure 5.8: Experimentally observed effective refractive index neff of the guided TE3 mode in 
plasmonic Alq3 waveguide T1 with three equally spaced Alq3-Mg:Ag composite metal layers 
of 9 nm thickness and of the pure Alq3 waveguide R. The solid and the dashed lines are 
calculated neff dispersion curves of a plasmonic Alq3 waveguide with three composite metal 
layers and of reference waveguide R,  respectively. 
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the composite metal preventing the coupling into these modes. In contrast, the TE3 mode  
possesses nodes which are close to the location of the Alq3-Mg:Ag composite layers, thus 
reducing absorption losses and enabling the coupling into this mode. 
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Figure 5.9: Calculated squared electric field distribution Ey(x)Ey*(x) of guided TE 
modes in plasmonic Alq3 waveguide T1 with equally spaced 9 nm thick Alq3-Mg:Ag 
composite metal layers. The vertical lines indicate the positions of the composite metal 
layers with respect to the air/Alq3 interface at x = 0. Calculated field distributions of 
TE modes in a pure Alq3 reference waveguide R are indicated as dashed lines. 
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5.6 Properties of guided modes in a symmetric waveguide 
The influence of the composite metal films as a function of its position is somewhat obscured 
in the investigated waveguides due to the fact that the top layer grew less thick than 
nominally expected. To make the effect of the inserted metal film more transparent we 
additionally present calculated effective refractive indices neff and absorption coefficients α of 
TM and TE modes for a more symmetric waveguide containing two 1100 nm Alq3 cladding 
layers and one centered 13 nm thick composite metal film (p = 0.9, symmetric S3). The 
dependence of neff for TM and TE modes as a function of their mode number is given in 
Figure 5.10 (a). For better comparison, the neff values of the plasmonic waveguide are divided 
Figure 5.10: (a) Ratio of the calculated effective refractive indices of a symmetric 
waveguide S3 with two 1100 nm Alq3 cladding layers and a pure Alq3 reference layer with 
2.213 µm total thickness as a function of the mode numbers. (b) The calculated absorption 
constants of a symmetric waveguide S3 with two 1100 nm Alq3 cladding layers as a 
function of the mode numbers. 
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by the calculated values of the corresponding modes in a pure 2.213 µm thick Alq3 reference 
waveguide. As described earlier, the neff values increase for even hybrid dielectric-plasmonic 
TM modes (antinode at the metal layer) while they remain nearly unchanged for odd TM 
modes (node at metal layer). For the TE polarization the insertion of a metallic layer leads to 
a local minimum in the electric field distribution at the position of the metallic film. The 
resulting field distribution of even TE modes thus becomes similar to the field distribution of 
the adjacent next higher odd TE mode explaining the reduction of the neff values for even TE 
modes. Odd TE modes, which have a node at the location of the inserted metal film, show 
nearly unchanged neff values. Figure 5.10 (b) shows the dependence of the absorption α for 
TM and TE modes as a function of the mode number. As mentioned before, even TE modes 
show a maximum of the electric field distribution at the position of the composite metal layer. 
Accordingly, the absorption losses are highest for these modes, while the losses are less for 
odd TE modes. Similar to surface scattering losses 129, the increase of the absorption for 
higher-order modes can be explained in a ray-optical picture by the increasing number of 
penetrations through the metal film per unit length traveled. With the exception of the 
plasmonic TM0 sb mode the calculations further predict reduced absorption losses for even 
dielectric-plasmonic TM modes while the absorption is high for odd TM modes. This result 
can be explained by analysing the z- component of the squared electric field distribution 
*( ) ( )z zE x E x  which is responsible for resitivity losses of the propagating mode. As described 
in section 3, the electric field ( )zE x  is proportional to ( ) / xydH x d  and is therefore out-of-
phase with ( )yH x . Accordingly, the losses of odd hybrid dielectric-plasmonic TM modes, 
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which possess an antinode in the electric field distribution at the location of the composite 
metal film, are higher than for even TM modes. The pattern of effective refractive indices neff 
and of absorption coefficients α shown in Figure 5.10 can be modified in a controlled manner 
by shifting the position of the metallic film to an antinode of higher order TM modes or by 
inserting two or more metal films at specific locations in the waveguide as demonstrated in 
waveguide T1. This way waveguides with desired hybrid dielectric-plasmonic mode 
properties can be designed. 
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Chapter 6 Eliminating thermal effects in z-
scan measurements and nonlinear optical properties 
of organic materials 
6.1 Introduction 
The z-scan technique is a highly sensitive optical method that allows measuring both the two 
photon absorption (TPA) coefficient and the nonlinear refractive index 57,58. Due to this 
advantage the z-scan technique has been widely used to study the nonlinear optical properties 
of semiconductors 59,60, nanoparticles 61,62, hybrid structures 55,63,64 and organic materials 46–
49,65. Depending on the damage threshold of the material and on the size of the investigated 
samples different lasers are applied. For large crystal lengths (1 mm or more) 151,152 or 
molecules in solution in a cuvette 48,61,65 low-repetition, high pulse fluence lasers with focus 
diameters of several 100 micrometers are used. In order to avoid structural changes of 
materials with low damage threshold high repetition 100 fs pulses with low energy fluence 
per pulse are applied 60. The small fluence also allows for tighter focusing of the incident 
beam without damaging the material enabling the z-scan technique for thin solid films 153,154. 
However, due to the high pulse repetition rate the nonlinear signal is often modified by 
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accumulated thermal effects 64,66–69 since the sample has not reached the ambient temperature 
before the next pulse arrives 70,107. Various approaches have been reported to manage 
accumulated heating 66–68,70 considering that thermal effects can be reduced if the pulse 
repetition time exceeds the heat diffusion time from the optically excited sample area 70. In 
most of these investigations, a mechanical chopper has been used to control the exposure 
time of the sample by setting a chopping frequency and a chopper opening rise time 66–68. 
Since the sample is excited by a train of pulses during the chopper opening time, this 
technique has limitations for materials with fast thermal build-up time 66–70. As an alternative 
approach to eliminate heat accumulation in thin, dielectric films I propose the application of 
low fluence 100 fs laser pulses at reduced repetition rates using an acousto-optic modulator 
(AOM) as pulse selector. In addition, the pulses are tightly focused to reduce the thermal 
diffusion time from the area of the laser excitation into the unexcited film area.  
Many of organic materials show high nonlinearities 46–49. They are promising 
materials for nonlinear optical applications including optical power limiting 49–52 and two-
photon 3D data storage 53,54. Together with the  large nonlinearities and the ability to form 
composite and hybrid nanostructures with semiconductors or metals, organic materials show 
a broad potential to increase the nonlinear response of photonic structures 55,56. In general, 
many perylene derivatives have shown TPA cross sections up to 8000 GM at nearly resonant 
excitation 48,49. Using the proposed modified z-scan technique I was able to determine the 
nonlinear optical constants of OMBD grown PTCDA. The two-photon-absorption cross-
section of a PTCDA colloidal solution at 820 nm 65 and the third order susceptibility )3(F  of a 
vacuum deposited PTCDA film using degenerate four wave mixing experiments at 602 nm 
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155 have been previously reported. These values serve as reference to test our modified tightly 
focused z-scan technique using 100 fs pulses at reduced pulse repetition rate.and of an 
aluminum-quinoline (Alq3) films which have been grown by organic molecular beam 
deposition (OMBD) on a Pyrex® substrate.  
Since Alq3 has attracted a significant attention for its use as both an electron transporting 
layer (ETL) and an emissive layer in Alq3 based organic light-emitting diodes (OLEDs) 11,84–
87 many researchers focus on enhancing the quantum efficiency, luminescence efficiency and 
life time of Alq3 based OLED devices. Therefore reliable investigation of nonlinear optical 
properties of Alq3thin films does not exist. The proposed “modified tightly focus z-scan 
technique” was used and all the third order nonlinear parameters of an Alq3 thin film were 
measured. In addition in this Chapter, the accumulated thermal effect in the focus area, which 
erroneously modifies the z-scan measurements, is systematically investigated using the open 
aperture z-scan technique with high repetition rate femtosecond laser pulses on thin PTCDA 
and Alq3 films in Sections 6.3 and 6.4. 
6.2 z-scan set up and experimental details 
The z-scan set up 57 is shown in Figure 6.1. The transmittance of the film was measured as a 
function of sample position (z-axis) with respect to the focal plane (at z = 0). A Ti:Sapphire 
laser tuned to 820 nm was the excitation source providing ultrashort pulses of ~100 fs 
temporal width at a pulse repetition rate of 80 MHz (corresponding to a pulse repetition time 
of 12.5 ns). In order to avoid heat accumulation or even structural damage in the organic film, 
the pulse repetition rate is reduced by diffracting the pulses with an acousto-optic pulse 
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selector at a variable division ratio (DR) ranging from 60 to 1600. Accordingly, the first-
order diffracted pulses, which are used for the z-scan measurements, have a pulse repetition 
time ranging from 0.75 to 20 µs. The first- to (not diffracted) zero-order pulse intensity ratio 
was monitored with an oscilloscope using a fast photodiode. The ratio had a value of more 
than 1000 independent of the used DR. This zero-order background was further reduced by 
inserting a diaphragm in front of the z-scan setup. The remaining zero-order pulse intensity 
contributes to a constant transmission background.  
While this contribution is negligible at low DR it becomes important for long 
repetition times (> 1.25 µs) where several hundreds of weak zero-order pulses pass the 
sample between each of the strong first-order diffracted pulses. To correct for this 
background, the average power of the laser beam was measured after the diaphragm with the 
AOM being switched on or off at each DR prior to each z-scan measurement, revealing the 
constant zero-order pulse power. The resulting zero-order background was subtracted from 
the experimentally obtained z-scan transmission signal. Likewise, the peak power P0 of the 
Figure 6.1: Schematic sketch of experimental setup of the z-scan experiments 
+z -z 
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exciting pulses was determined resulting in nearly constant peak intensity I0 independent of 
the DR. 
After the diaphragm the first-order diffracted laser beam was divided by a beam 
splitter (with 90% transmssion) directing the reflected beam onto a fast Si photodiode for 
reference. The transmitted beam (~2mm diameter) was directed towards a microscope 
objective which  focussed the laser pulses tightly onto the film. Measurements were made 
with a high-aperture 10x long working distance microscope objective (focal length ~20 mm) 
and then repeated with a high-aperture 20x microscope objective (focal length ~10 mm). The 
temporal width of the 100 fs pulses broadens when they pass the glass elements of the 
microscope objective lenses due to group-velocity-dispersion which affects the peak intensity 
I0. The pulse widths after the 10x or the 20x microscope objective were measured to be 175 fs 
and 180 fs, respectively, by second-harmonic-generation autocorrelation in a BBO crystal. 
The organic film on the Pyrex substrate was mounted on a piezo-translational stage, which 
was moved in step sizes ranging from 20 to 40 µm. The transmitted light (the z-scan signal) 
was collected by a fast Si photodiode. In addition, an optical long pass filter was placed in 
front of the photodiode to block any photoluminescence when the PTCDA film is excited. 
The reference and z-scan signals were recorded simultaneously by two identical Agilent 
digital multimeters while moving the film from its negative to its positive z position (with 
respect to the focal plane, z = 0). Subsequently, the z-scan transmittance was divided by the 
reference signal to eliminate laser intensity fluctuations or changes of the spatial laser profile 
during the data acquisition.  
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The change in transmittance due to two photon absorption (TPA) and nonlinear 
refraction is very small in a ~1µm thick PTCDA film (in the 0.6% range) and in a 3µm thick 
Alq3 film (in the range of 0.15%)  when using low energy fluence pulses. Therefore, multiple 
z-scans were recorded and averaged at both high and very low (attenuated by a factor of 
~100) pulse intensity to improve the signal-to-noise ratio in these experiments. The 
transmittance at very low excitation intensity which does not lead to a z-scan signal serves as 
a reference of the linear transmittance during the movement of the sample along the z-axis. It 
allows to eliminate changes in transmittance with z due to surface imperfections of the 
sample 57. 
6.3 z-scan measurements on PTCDA 
6.3.1 Open aperture z-scan on PTCDA 
An approximately 0.9 µm thick PTCDA film was used in our modified z-scan measurements. 
Thickness variations of ~ ±0.2 µm due to oblique growth across the sample area were 
determined with a profilometer and have been considered in the evaluations of the z-scandata. 
In order to study the accumulation of heat in the PTCDA film and its influence on the z-scan 
measurements we used a 10x microscope objective lens and varied the laser repetition time of 
incident laser pulses from 1.25 to 20 µs at a beam irradiance of 37 GW/cm2. The background 
subtracted normalized transmittance for various pulse repetition times (as labelled) is shown 
in Figure 6.2. In these measurements the aperture after the sample was completely open 
resulting in a transmittance dip in the vicinity of z = 0 due to TPA. While the transmittance 
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dip is constant for repetition times ranging from 5 to 20 μs the dip steadily decreases for 
repetition time smaller than 5 μs. 
The corresponding two-photon-absorption coefficient E of the PTCDA film is determined by 
fitting the experimental data according to 
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Figure 6.2: Normalized open aperture transmittance of a PTCDA film as a function of 
z-axis displacement using a 10x microscope objective lens at different repetition times 
as labelled. The incident laser intensity was 37 GW/cm2. The solid line represents the 
theoretical fit using Eq.( 6.1) as described in the text. 
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Here 0 ( )I t  is the pulse irradiance at the focal plane, repJ  is the pulse repetition rate (80 
MHz/), 20 0z SZ O  is the Rayleigh length of the beam, z is the sample position and Z0 is the 
radius of the focused Gaussian (electric-field) beam waist which was determined by fitting 
the transmittance dips with Eq. (6.1). The average value of all beam waists Z0 at different 
DRs was found to be 5.2±0.3 and 2.6±0.3 µm for the 10x or 20x lens, respectively. The 
effective film thickness Leff is given by  1 LeffL e D D   with L being the sample thickness 
and 
4 -11.5 10 mD  u  being the linear absorption coefficient of PTCDA at 820 nm 156. The 
thick solid line in Figure 6.2 exemplarily represents the theoretical fit of the transmittance for 
a repetition time of 5.0 µs resulting in a TPA coefficient of 6.0 ± 0.6 cm/GW. 
The extracted TPA coefficients for all repetition times are shown in Figure 6.3 as red 
squares. The vertical error bar in Figure 6.3 represents the ~10% experimental error of these 
values. The noise is attributed laser intensity instabilities and to long-term temperature 
fluctuations which cause slight changes in the laser pulse energy and in the pulse width. As 
mentioned before, we attribute the reduction of the TPA coefficients for repetition times 
shorter than 5 μs to the accumulation of heat in the PTCDA film which is predominantly 
caused by the non-radiative recombination of Frenkel excitons, excimers and charge transfer 
excitons 3,4,97,157,158. Our interpretation is supported by comparing the onset of the heating 
effect for repetition times smaller than 5 μs with the thermal diffusion time td of the 
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accumulated heat within the laser focus area into the adjacent unexcited sample region in the 
PTCDA film. The thermal diffusion time td is given by the relation 67,70 
 2
0
4d
t D
Z  
(6.2) 
 
Here, D = 0.05 cm2 s-1 is the heat diffusion constant for PTCDA 159. The derived thermal 
diffusion time using the 10x microscope lens amounts to 1.35 µs. This time is close to the 
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Figure 6.3: Experimentally determined TPA coefficient E for a PTCDA film 
using a 10x (red squares) and 20x (blue circles) microscope objective lens as a 
function of different repetition times as labelled. Inset: Invers of the transmittance 
dip as a function of incident intensity using a 20x objective lens at a pulse 
repetition time of 3.125 µs. 
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Figure 6.4: Normalized open aperture transmittance of a PTCDA film as a function 
of the z-axis displacement using a 20x microscope objective lens at different 
repetition times as labelled. The incident laser intensity was 26 GW/cm2. The solid 
line represents the theoretical fit using Eq.( 6.1) as described in the text. 
 
repetition time of 1.25 µs, where heat accumulation drastically affects the z scan 
measurement (see Fig 6.2) resulting in a very low TPA coefficient due to filling of excited 
states and the formation of a thermal lens as discussed in Section 6.2. For repetition times 
between 1.35 and 5.0 µs, the nonlinear transmission is gradually less affected by accumulated 
thermal effects. 
 
To further support this interpretation we repeated the z-scan measurements with a 20x 
microscope objective lens resulting in a tighter focus. For better comparison, we excited the 
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PTCDA film with a similar energy flux as in the measurements with the 10x microscope 
objective lens by introducing attenuators into the beam path. Using Eq. (6.2) and a focus 
radius of Z0 = 2.6 µm we obtain a heat-diffusion time of td = 0.34 µs. Accordingly, we expect 
a faster heat diffusion from the heated focus area into the unexcited film area and hence no or 
a less significant reduction of the TPA coefficient at laser repetition times below 5.0 µs. 
Figure 6.4 shows the normalized transmittance with the background subtracted as a function 
of the laser repetition time using the 20x lens at a beam irradiance of 26 GW/cm2 for  various 
repetition times as labelled. As before, the solid line represents the theoretical fit using Eq. 
(6.1) at a repetition time of 10.0 µs which results in a TPA coefficient of 6.2 ± 0.6 cm/GW. 
The extracted TPA coefficients are plotted in Figure 6.3 as blue circles as a function of the 
pulse repetition time. For repetition times longer than 0.75 µs no reduction of the 
transmission dip or of the value of the TPA coefficient due to accumulated heating was 
observed. The inset of Figure 6.3 shows the linear increase of the inverse of the transmission 
dip as a function of the pulse intensity at a repetition time of 3.125 µs using the 20x lens, 
confirming that the observed nonlinear process is due to TPA. confirming that the observed 
nonlinear process is due to TPA Within the experimental error the measured TPA value of β 
= 6.0 ± 0.6 cm/GW is the same for both the 10x and 20x microscope objective lens. When 
considering the reflection loss of the incident laser beam at the entrance surface of the 
PTCDA film (refractive index of 2.22 at 820 nm 98), the TPA coefficient increases by ~16% 
resulting in a value of β = 7.0 ± 0.7 cm/GW. This value is higher than the TPA coefficient of 
β = 4.3 ± 0.5 cm/GW for colloidal PTCDA nanocrystals in solution at 820 nm 65. The TPA 
coefficient has been calculated from the two-photon-absorption-cross-section V  = 40 GM  
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using the expression h NV QE  48, where N is the number of molecules (2) per unit volume of 
766.5×10-24 cm-3 for D-PTCDA 96, hQ is the photon energy. Due to its crystalline structure, 
PTCDA nanocrystals and films show a strong optical anisotropy for electric fields polarized 
within the molecular plane or along the molecular stacking direction (which is nearly normal 
to the molecular plane). Due to the higher electron density within the molecular plane, 
PTCDA films exhibit significantly higher in-plane linear absorption values and refractive 
index values as compared to out-of-plane values 160,161. We therefore expect higher TPA 
values for in-plane polarized electric fields in α-PTCDA films than from randomly orientated 
PTCDA nanocrystals in colloidal solution which may explain the discrepancy between our 
TPA coefficient and the reported TPA from PTCDA nanocrystals. Z-scan experiments on α-
PTCDA crystals 97 by rotating the light polarization with respect to the molecular plane or the 
molecular stacking direction similar as in162 ,would provide additional information to clarify 
the anisotropy of the nonlinear response. 
With the nonlinear absorption coefficient E the imaginary part of the third order 
nonlinear susceptibilty    3 SIIF  for PTCDA can be calculated according to the relation 63,  
    3 2 2 20 0 0 0SI 3 2 3I n c n cF H OE S H E Z   
(6.3) 
 
which leads to    3 20 2 2SI 6.8 10 m VIF  u using the linear refractive index 0 2.22n   at the 
wavelength of 820 nm 98. The    3 SIIF  value is equivalent to    3 11cgs 4.8 10I esuF  u  in cgs 
units using the conversion 162, 
           14SI cgs 4 3 10 nn nF F S  u  (6.4) 
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6.3.2 Closed aperture z-scan on PTCDA 
Closed aperture z-scan measurements, which are sensitive to both nonlinear refraction and 
nonlinear absorption, were performed at a repetition time of 0.75 µs with the 20x lens. The 
small (closed) aperture transmits 10% of the light of the open aperture z-scan measurements. 
Dividing the normalized closed aperture transmittance by the normalized open aperture 
transmittance extracts the contribution of the nonlinear refraction. Figure 6.5 shows the 
normalized closed/open z-scan signals for the PTCDA film at an intensity I0 = 22 GW/cm2. 
The valley-to peak profile of the closed aperture z-scan trace indicates that the nonlinear 
refractive index for the PTCDA thin film is positive (self-focusing). The phase shift 'I0 of 
the transmitted light due to the nonlinear refractive index can be deduced by fitting the 
normalized closed/open transmittance with the following equation 57;  
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where 0.x z z  Hence the  nonlinear refractive index n2 can be calculated using the relation: 
 
0 0 2 .effkI n LI'   
(6.6) 
 
The solid line in Figure 6.5 shows the theoretical fit using Eq. (6.5) with Z0 = 2.6 µm 
providing a nonlinear phase shift of 'I0 = 0.022. The resulting nonlinear refractive index n2 
amounts to (1.2± 0.3)×10-13 cm2/W using Eq. (6.6), which is equivalent to 6.4×10-11 esu using  
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using the relation    2 22 0 2 m V 40n esu cn n S  57. Considering the reflection losses at the 
entrance surface of the PTCDA further enhances the nonlinear refractive index value by 
~16% to (1.4± 0.3)×10-13  cm2/W. The experimental error in this measurement is mainly 
attributed to dark current noise of the photodiodes. The signal-to-noise ratio could be 
improved by longer time-integration at each sampling step or by averaging more z-scans. 
We also performed closed aperture z-scan measurements with the 10x lens at the repetition 
time 2.5 µs, where slight heat accumulation has been observed in open aperture z-scan 
measurements as described earlier. Figure 6.6 shows the normalized closed/open z-scan at an 
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Figure 6.5: Normalized closed/open z-scans at the repetition time of 0.75 µs using a 
20x microscope objective lens. The incident laser intensity was 22 GW/cm2. The solid 
line represents the theoretical fit using Eq. (6.5) as described in the text. 
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intensity of I0 = 37 GW/cm2. The solid line represents the theoretical fit according to Eq. (6.5)  
(using a beam waist of Z0 = 5.2 µm), which renders a nonlinear phase shift of 'I0 = 0.028 
and results in a nonlinear refraction coefficient of (9.5± 0.3)×10-14 cm2/W. This value is by 
~25% lower compared to the n2 coefficient measured with the 20x microscope objective lens. 
We attribute this reduction to the formation of a thermal lens which causes a counteracting 
negative refraction 66–70.  From the  nonlinear refractive index value n2 for the 20x lens the 
real part of the third order nonlinear susceptibilty (3)RF  for PTCDA is found to be 
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Figure 6.6: Normalized closed/open z-scans at the repetition time of 2.5 µs with 10x 
microscope objective lens. The incident laser intensity was 37 GW/cm2. The solid line 
represents the theoretical fit using Eq. (6.5).  
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(3) 19 2 2SI 2.1 10 m VRF  u  using the relationship  (3) 20 0SI 4 3R n cF H J  63. This value leads to 
 (3) 10cgs 1.5 10R esuF  u  using Eq. (6.4). This value is in good agreement with the reported 
value of  (3) 10cgs 2.0 10R esuF  u  which was measured with degenerate four wave mixing at an 
excitation wavelength of 602 nm.  
6.4 z-scan measurements on Alq3 
6.4.1 Open aperture z-scan on Alq3  
A 3.0±0.1 µm thick OMBD grown Alq3 film was used for the z-scan investigation at an 
excitation wavelength of 820 nm. The thickness of the film was measured with a profilometer 
to confirm any growth thickness variation of the film and it was determined that the film 
thickness was equally thick across the sample. Similar to our z-scan investigation on PTCDA 
film as described in Section 6.3 the nature of heat accumulation in the Alq3 film and its 
influence on the z-scan measurement was studied. A similar procedure was followed as 
described in Section 6.2 to minimize the background due to the not diffracted zero order 
pulse from the acousto-optic pulse selector. We first used a 10x microscope objective lens 
and varied the repetition time of the incident laser pulses from 1.25 to 5.0 µs at a beam 
irradiance of 48.7 GW/cm2. The background subtracted normalized open aperture 
transmittance for various pulse repetition times is shown in Fig. 6.7 as labelled. Unlike the 
investigations on the PTCDA film (see Figure 6.3), the transmittance dip in z-scan 
measurements on Alq3 within the measurement uncertainty of 1x10-4 is constant for repetition 
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times ranging from 1.25 to 5 μs. The solid line in Fig. 6.7 represents the theoretical of Eq. 
(6.1) at the repetition time 2.5 µs which produce a TPA coefficient of 1.1± 0.2×10-1 cm/GW. 
The average value of all beam waists Z0 at different DRs was found to be 4.6±0.3 µm. The 
linear absorption coefficient 111,112,163
4 -13.6 10 mD  u of Alq3 at the wavelength 820 nm was 
used in the calculation. The extracted TPA coefficients at different pulse repetition time are 
plotted in Figure 6.8 with red squares. As given in Figure 6.8 the vertical error bar represents 
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Figure 6.7: Normalized open aperture transmittance of an Alq3 film as a 
function of z-axis displacement using a 10x microscope objective lens at 
different repetition times as labelled. The incident laser intensity was 48.7 
GW/cm2. The solid line represents the theoretical fit using Eq. (6.1) as described 
in the text. 
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~25% experimental error of these values. Reduction of the transmission dip or of the value of 
the TPA coefficient was not observed for repetition times longer than 1.25 µs with the 10x 
microscope objective lens indicating that there is no noticeable heat accumulation in the film 
which is different to observations in earlier z-scan measurements on a PTCDA film. This 
difference cannot be explained by the heat diffusion constant 164 D = 0.0034 cm2 s-1of Alq3 
which is in the order of 10 times smaller as compared to the value of PTCDA 159. The 
reduced thermal effect might be explained with a lower linear absorption at 820 nm in the 
Alq3 film as compared to PTCDA where the HOMO-LUMO gap is closer to the exciting 
laser energy. The reduced linear absorption in Alq3 films leads to a lower heat production due 
to non-radiative relaxation processes of singlet-excitons. Furthermore the TPA coefficient of 
Alq3 is by a factor of ~60 smaller than in PTCDA 165 leading to a minor generation of two-
photon generated excitons in Alq3 while TPA excitons cannot be neglected in PTCDA at 
higher excitation intensities. In addition Alq3 films shows a strong photoluminescence (PL) 
emission band with an emission yield of ~25% 89,90,92 centred at ~540 nm at room 
temperature 89,90,95,166 while the radiative recombination in PTCDA is strongly quenched at 
room temperature. Accordingly, a significant portion of excitons generated from linear and 
two photon absorption in Alq3 quickly recombines (within ~20 ns) which further reduces the 
heat generation in the Alq3 film. The linear increase of the inverse of the transmission dip as a 
function of the pulse intensity at a repetition time of 2.5 μs using the 10x lens is shown in the 
inset of Figure 6.8 confirming that the observed nonlinear process is due to TPA. The 
deduced TPA coefficients as a function of the incident laser intensity are plotted in Figure 11 
with red squares. 
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The z-scan measurements were repeated with a 20x microscope objective lens resulting in a 
tighter focus. We excited the Alq3 film at the same incident power as in the measurements 
with the 10x microscope objective lens. Figure 6.9 shows the background subtracted 
normalized transmittance as a function of the laser repetition time using the 20x lens at a 
beam irradiance of 174 GW/cm2. The solid line represents the theoretical fit using Eq. (6.1) 
providing a TPA coefficient of 1.0± 0.2×10-1 cm/GW with a focus beam waist of 2.4±0.3 µm 
at a repetition time of 2.5 μs. The extracted TPA coefficients are plotted in Figure 6.8 as a 
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Figure 6.8: Experimentally determined TPA coefficient E for an Alq3 film using a 10x 
(red squares) and 20x (blue circles) microscope objective lens as a function of different 
repetition times as labelled. Inset: Invers of the transmittance dip as a function of 
incident intensity using a 10x objective lens at a pulse repetition time of 2.5 µs. 
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function of the pulse repetition time with blue circles. As with 10x microscope objective lens, 
a reduction of the transmission dip or of the value of the TPA coefficient due to accumulated 
heating was not observed.  
The background subtracted normalized transmittance as a function of the incident laser 
intensity ranging from 64 -174 GW/cm2 is shown in the Figure 6.10 at the laser repetition 
time 2.5 µs for the 20x lens. The obtained TPA coefficients as a function of the incident laser 
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Figure 6.9: Normalized open aperture transmittance of an Alq3 film as a function of z-
axis displacement using a 20x microscope objective lens at different repetition times as 
labelled. The incident laser intensity was 174 GW/cm2. The solid line represents the 
theoretical fit using Eq. (6.1) as described in the text. 
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intensity are plotted in Figure 6.11 with blue circles. The inset of Figure 6.11 shows the linear 
increase of the inverse of the transmission dip as a function of the pulse intensity.  
 
Within the experimental error the average of the measured TPA value is β = (1.0 ± 
0.2)×10-1 cm/GW using all the measured TPA values which are plotted in Figure 6.8 and in 
Figure 6.10 for both the 10x and 20x microscope objective lens . By considering the 
reflection loss of the incident laser beam at the entrance surface of the Alq3 film (refractive 
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Figure 6.10: Normalized open aperture transmittance of an Alq3 film as a function 
of intensity using a 20x microscope objective lens at the repetition time 2.5 µs.  
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index of 1.695 at 820 nm 6), the TPA coefficient increases by ~6% resulting in a value of β = 
(1.06 ± 0.2)×10-1 cm/GW. The imaginary part of the third order nonlinear susceptibilty 
   3 SIIF  for Alq3 was found as    3 22 2 2SI 6.6 10 m VIF  u by (6.3) using the determined 
nonlinear absorption coefficient E and the linear refractive index 0 1.695n   at the wavelength 
of 820 nm 6. The    3 SIIF  is equivalent to    3 13cgs 4.7 10I esuF  u  using the Eq.(6.4).  
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Figure 6.11: Experimentally determined TPA coefficient E for an Alq3 film using 
a 10x (red squares) and 20x (blue circles) microscope objective lens as a function 
of incident laser intensity as labelled. Inset: Invers of the transmittance dip as a 
function of incident intensity 
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6.4.2 Closed aperture z-scan on Alq3 
We performed the closed aperture z-scan measurements at the repetition time 2.5 µswith the 
10x lens. The small aperture transmits 5% of the light compare to the open aperture z-scan 
measurements. The normalized closed/open z-scan signals for the Alq3 film is shown in 
Figure 6.12 at an intensity I0 = 48.7 GW/cm2. The valley-to peak profile of the closed 
aperture z-scan trace indicates that the nonlinear refractive index for the Alq3 film is positive 
(self-focusing). Here, the closed aperture z-scan signal is very weak in the 0.4% range but the 
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Figure 6.12: Normalized closed/open z-scans at the repetition time of 2.5 µs using 
a 10x microscope objective lens. The incident laser intensity was 48.7 GW/cm2. 
The solid line represents the theoretical fit using Eq. (6.5) as described in the text. 
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valley-to-peak profile is clearly visible within the experimental error of ~12%. The solid line 
in Figure 6.12 shows the theoretical fit of Eq. (6.5) with the nonlinear phase shift of 'I0 = 
0.023 and the beam waist of Z0 = 4.6 µm. The nonlinear refractive index n2 is found to be 
(2.1± 0.3)×10-14 cm2/W using the Eq. (6.6), resulting 8.5×10-12 esu. The real part of the third 
order nonlinear susceptibilty (3)RF  for Alq3 is found to be  (3) 20 2 2SI 2.1 10 m VRF  u using 
the nonlinear refractive index n2 which leads to  (3) 11cgs 1.5 10R esuF  u . 
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Chapter 7 Summary 
This thesis presents the investigation of optical properties of organic films and plasmonic 
metal-organic waveguides fabricated by organic molecular beam deposition. The thesis 
contains the linear optical properties on Alq3 films which were performed by spectrally and 
time-integrated photoluminescence (PL) using a photodiode and time-resolved PL using the 
time-correlated single photon counting (TCSPC) technique. The intensity and temperature 
dependence saturation of the quenching of light emission in Alq3 films due to exciton-exciton 
annihilation is investigated. In addition, the possibility of controlling the refractive index 
dispersion in organic/organic multilayer waveguides is presented. Particularly, the properties 
of guided modes in plasmonic Alq3 waveguides with embedded thin metal layer/s were 
investigated. Moreover, this thesis presents the nonlinear optical properties PTCDA and Alq3 
thin films which were investigated by z-scan technique.  
7.1 Intensity and temperature dependent bimolecular 
quenching of light emission in Alq3 films 
Spectrally integrated TI and TR PL measurements of a 120 nm thin OMBD grown Alq3 film 
show a strong reduction of the PL yield with increasing cw excitation intensity or pulse 
fluence at 15 K. The reduction of the PL efficiency is attributed to effective singlet-singlet 
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annihilation processes between interacting excitons which are localized in the energy minima 
at the grain boundaries of the polycrystalline Alq3 film. The localization of excitons at these 
trapping sites leads to very high local (microscopic) exciton densities even at low excitation 
levels. AFM and SEM studies of ultrathin (5 – 15 nm) Alq3 films support the existence of 
ordered molecular aggregates and polycrystalline growth with grain sizes in the order of 50 
nm. Due to the finite density of quenchable trapping sites the extracted quenching 
coefficients show a pronounced saturation behavior ranging from 9110 10bqJ  u to 
9 3 11.2 10 cm s u  at lowest and highest optical excitation levels, respectively. The observed 
low intensity value is by more than four orders of magnitudes larger than values reported at 
room temperature assuming charge carrier hopping 103–105 in a positionaly random and 
completely disordered system of localized states.  
The temperature dependent quenching behavior was studied by spectrally integrated 
TI PL using a photodiode as a detector. The observed reduction of singlet-singlet annihilation 
between trapped excitons at temperatures ranging from 30 to 150 K is attributed to a 
thermally activated occupation of non-quenchable states in the vicinity of grain boundary 
traps. Above 170 K the PL efficiency decreases which is attributed to a release of the trapped 
excitons and the subsequent filling of non-radiative traps. The observed behavior has been 
calculated using a coupled rate equation model for steady state excitation. The model 
includes bimolecular quenching, thermally activated occupation of non-quenchable states and 
thermally activated de-trapping and mobilization of excitons at higher temperatures. The 
calculations are in good agreement with the experimental findings. The bimolecular 
quenching is significantly reduced at higher temperature but bimolecular quenching due to 
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grain boundary trapped n2 excitons is active even up to room temperature. We expect that the 
contribution of singlet-singlet annihilation by trapped n2 excitons decreases when the size of 
molecularly ordered (nano-crystalline) areas in Alq3 films decreases which is equivalent to an 
increase of the molecular disorder within the Alq3 film. This could for instance be facilitated 
by changing the evaporation or the substrate temperature 106,167 or by using  a higher growth 
rate leaving the system less time to form nanocrystals of several 10 nm size. Also, doping the 
Alq3 films at high doping levels 168 or the co-deposition with e.g. TPD can 169 significantly 
increase the molecular disorder within the film. In this case charge carrier hopping becomes 
an appropriate model to describe exciton quenching 100–102. Studying bimolecular quenching 
of Alq3 films grown at those conditions will be subject of further investigations. 
7.2 Refractive index dispersion in single and multi-layered 
waveguides of Alq3 and PTCDA 
We performed m-line measurements on OMBD grown pure PTCDA waveguides (P1 and P2), 
on an Alq3 waveguide (A1) and on a PTCDA/Alq3 effective medium multilayer waveguide 
(M1) at excitation wavelengths ranging from the visible to the infrared region. From these 
measurements the wavelength dispersions n (λ) of the in-plane and normal refractive indices 
were derived using Sellmeier equations. The corresponding fit parameters are summarized in 
Table 4.1 to Table 4.3. The dispersion curves for pure PTCDA and Alq3 waveguides are in 
good agreement with the dispersions curves derived from spectroscopic ellipsometry. 
Experimentally obtained values for n|| and nA in waveguide M1 taken at different wavelengths 
allowed to determine the filling factors of the components Alq3 and PTCDA in the multilayer 
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waveguide taking into account a small tilt of 0.5º of the PTCDA molecular stacks in the 
PTCDA films. The wavelength dispersion and the birefringence of the fabricated effective 
medium were subsequently projected with the Sellmeier fits of the pure component materials. 
Based on the filling factors of the component materials the individual thicknesses of Alq3 and 
PTCDA layers within the waveguide could also be determined. 
The resulting dispersion curves n(λ) of the effective medium waveguide M1 
demonstrate that we successfully tuned the dispersion n(λ) and the birefringence n|| and nA 
compared to the pure organic component waveguides. Intelligent combinations of 
birefringent and non-birefringent materials in multilayer structures can thus be used to 
moderate or enhance the anisotropy of the component material to desired parameters. On the 
other hand, strategically placed metal layers can be used to increase the effective refractive 
indices neff A of plasmonic TM modes and to reduce the effective refractive indices neff || of 
dielectric TE modes170. These two options to tune the dispersion allow to tailor waveguides 
with a perfect phase match between TE and TM modes, which can then be utilized in 
polarization sensitive propagation, and mode filtering120. We propose to use appropriately 
designed effective medium Alq3/PTCDA multilayers with opposite birefringence as 
waveguides in order to compensate the induced birefringence of the embedded metal layers 
and to achieve perfect phase matching between a plasmonic TM0 and a dielectric TE0 mode. 
Such a tailored plasmonic effective medium waveguide opens new design opportunities for 
plasmonic integrated optics in information technologies.  
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7.3 Controlling guided modes in plasmonic metal/dielectric 
multilayer waveguides 
We experimentally studied guided modes in OMBD grown plasmonic Alq3 
waveguides, which contain one single Alq3-Mg:Ag composite metal layer or three equally 
spaced layers close to the center of the waveguide. The metallic layers had thicknesses of 7, 9 
and 13 nm, respectively. We used the m-line technique at a wavelength of 633 nm to 
investigate the effect of the inserted composite metal layer(s) on the effective refractive 
indices neff of TM and TE modes and compared the results to a pure Alq3 waveguide as 
reference. TM modes that possess an antinode at the position of the composite metallic layer(s) show 
high effective refractive indices which indicate the plasmonic character of the modes. Other TM 
modes have hybrid dielectric-plasmonic characters, showing a high effective refractive index when 
one electric field antinode is close to a metallic layer. TM modes which possess all their antinode(s) in 
the dielectric layers propagate essentially like dielectric modes. Transverse electric (TE) modes with 
antinode(s) at the position of the metal layer(s) are strongly damped, while the losses are low for TE 
modes comprising a node at the position of the composite metal film(s). Our experiments and 
calculations demonstrate that strategically placed composite dielectric-metal or continous 
metal layers can be used to increase and to reduce the effective refractive indices of specific 
TM and TE modes, respectively. In addition, it is also possible to selectively excite and/or 
attenuate various TM or TE modes in a controlled way. Mode selective attenuaters could for 
instance be realized by inserting metal stripes into an dielectric waveguide during growth or 
by blocking the pump-beam of a loss compensated plasmonic waveguide 171 with an opaque 
few 10 µm wide mask. Shifting the effective refractive indices of TM and TE modes to 
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higher or lower values, respectively, further enables new design opportunities for mode 
coupling between orthogonal TM and TE modes. The combination of selective attenuation 
and mode coupling could further allow the design of TM/TE stop polarizers 172.  
7.4 Eliminating thermal effects in z-scan measurements 
and nonlinear properties of organic materials 
7.4.1 Two photon absorption and nonlinear refraction 
on PTCDA thin films 
We performed z-scan measurements on an OMBD grown PTCDA thin film with tightly 
focused100 fs laser pulses at a wavelength of 820 nm. Cumulative thermal effects due to 
sample heating in the focus area were investigated by varying the laser repetition time using 
an acousto-optic pulse selector and by applying different focus diameters on the sample. Our 
results show that z-scan measurements using a 10x microscope objective lens at repetition 
times shorter than 5.0 µs are modified by the accumulating heat within the optically excited 
area. For repetition times longer than 5.0 µs we observe a constant transmittance dip 
indicating that thermal effects can be neglected. Thermal effects at higher repetition times are 
diminished by a smaller focus area created by a 20x microscope objective lens. The larger 
gradient of the smaller focus area leads to a faster heat diffusion from the excited focus into 
the unexcited film. The measured TPA coefficient E, the nonlinear refractive index n2 and the 
third-order susceptibilities      3 3 3R IiF F F   of the PTCDA films at a wavelength 820 nm are 
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summarized in Table 7.1. (Reflection losses at the entrance surface of the films have not been 
considered.) 
Our experiments demonstrate that a modified z-scan technique which uses tightly 
focused 100 fs pulses at reduced repetition rates opens new prospects to measure the 
nonlinear optical properties of soft organic films. These soft films usually suffer from thermal 
effects or from structural damage in the standard z-scan setup. The modified z-scan technique 
can also be applied to plasmonic organic/metal films and nanostructures where thermal 
accumulation effects are severe limiting factors. 
Table 7.1: Measured two-photon absorption coefficient E, nonlinear refractive index n2 and third 
order susceptibility values  3IF  and  3RF  of the PTCDA film at a wavelength of 820 nm. 
E  
cm/GW 
n2   
cm2/W 
n2  
esu 
 3
IF  
m2/V2 
 3
IF  
esu 
 3
RF  
m2/V2 
 3
RF  
esu 
6.0  131.2 10u  116.4 10u  206.8 10u  114.8 10u  192.1 10u  101.5 10u  
7.4.2 Two photon absorption and nonlinear refraction 
on Alq3 thin films 
  The z-scan measurements on an OMBD grown Alq3 thin film were performed 
with tightly focused100 fs laser pulses at an excitation wavelength of 820 nm. We 
investigated the accumulative thermal effects due to sample heating in the focus area by 
varying the laser repetition time using an acousto-optic pulse selector and by using different 
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focus diameters on the sample. We observe a constant transmittance dip in the z-scan 
measurements on Alq3 thin film using a 10x microscope objective lens. This means that 
thermal effects are not relevant even at shorter repetition times from 1.25 - 5.0 µs. We 
repeated the measurements with a 20x microscope objective lens which again did not show 
thermal effects at these repetition times. The measured TPA coefficientE, the nonlinear 
refractive index n2 and the third-order susceptibilities      3 3 3R IiF F F   of the Alq3 films at a 
wavelength of 820 nm are summarized in Table 7.2. 
Table 7.2: Measured two-photon absorption coefficient E, nonlinear refractive index n2 and third 
order susceptibility values  3IF and  3RF  of the Alq3 film at a wavelength of 820 nm. 
E  
cm/GW 
n2   
cm2/W 
n2  
esu 
 3
IF  
m2/V2 
 3
IF  
esu 
 3
RF  
m2/V2 
 3
RF  
esu 
11.0 10u  142.1 10u  128.5 10u  226.6 10u  134.7 10u  202.1 10u  111.5 10u  
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